


FOREWORD 

NASA experience has indicated a need for uniform criteria for the design of space vehicles. 
Accordingly, criteria are being developed in the following areas of technology: 

Environment 
Structures 
Guidance and Control 
Chemical Propulsion 

Individual components of this work will be issued as separate monographs as soon as they 
are completed. This document, part of the series on Chemical Propulsion, is one such 
monograph. A list of all monographs issued prior to this one can be found on the final pages 
of this document. 

These monographs are to be regarded as guides to  design and not as NASA requirements, 
except as. may be specified in formal project specifications. I t  is expected, however, that 
these documents, revised as experience may indicate to be desirable, eventually will provide 
uniform design practices for NASA space vehicles. 

This monograph, “Liquid Rocket Engine Combustion Stabilization Devices,” was prepared 
under the direction of Howard W. Douglas, Chief, Design Criteria Office, Lewis Research 
Center; project management was by Harold Schmidt assisted by Lionel Levinson. The 
monograph was written by L. P. Combs, C. L. Oberg, T. A. Coultas, and W. H. Evers, Jr., 
Rocketdyne Division, Rockwell International Corporation, and was edited by Russell B. 
Keller, Jr. of Lewis. To assure technical accuracy of this document, scientists and engineers 
throughout the technical community participated in interviews, consultations, and critical 
reviews of the text. In particular, G. D. Garrison of Pratt & Whitney Aircraft Division of 
United Aircraft Corporation; D. T. Harrje of Princeton University; J. M. McBride of Aerojet 
Liquid Rocket Company; R. R. Weiss of the Air Force Rocket Propulsion Laboratory; and 
R. J. Priem of the Lewis Research Center individually and collectively reviewed the 
monograph in detail. 

Comments concerning the technical content of this monograph will be welcomed by the 
National Aeronautics and Space Administration, Lewis Research Center (Design Criteria 
Office), Cleveland, Ohio 44 135. 

November 1974 
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GUIDE TO THE USE OF THIS MONOGRAPH 

The purpose of this monograph is to organize and present, for effective use in design, the 
significant experience and knowledge accumulated in development and operational 
programs t o  date. It reviews and assesses current design practices, and from them establishes 
firm guidance for achieving greater consistency in design, increased reliability in the end  
product, and greater efficiency in the design effort. The monograph is organized in to  two 
major sections that are preceded by a brief introduction and complemented by a set of 
references. 

The State of  the Art, section 2, reviews and discusses the total design problem, and 
identifies which design elements are involved in successful design. I t  describes succinctly the  
current technology pertaining to  these elements. When detailed information is required, the 
best available referknces'are cited. This section serves as a survey of the subject tha t  provides 
background material and prepares a proper technological base for the Design Criteria and 
Recommended Practices. 

The Design Criteria, shown in italics in section 3, state clearly and briefly what rule, guide, 
limitation, o r  standard must be imposed on  each essential design element to assure 
successful design. The  Design Criteria can serve effectively as a checklist of rules for  the 
project manager t o  use in guiding a design o r  in assessing its adequacy. 

The  Recommended Practices, also in section 3 ,  state ~ how to satisfy each of  the criteria. 
Whenever possible, the best procedure is described; when this cannot be done concisely, 
appropriate references are provided. The  Recommended Practices, in conjunction with the  
Design Criteria, provide positive guidance to the practicing designer o n  how to achieve 
successful design. 

Both sections have been organized in to  decimally numbered subsections so that the subjects 
within similarly numbered subsections correspond from section to section. The  format  for  
the Contents  displays this continuity of subject in such a way that a particular aspect of 
design can be followed through both  sections as a discrete subject. 

The design criteria monograph is no t  intended t o  be a design handbook,  a set o f  
specifications, o r  a design manual. I t  is a summary and a systematic ordering of  the large and 
loosely organized body of existing successful design techniques and practices. Its value and 
its merit should be judged on  how effectively i t  makes that material available t o  and useful 
to the designer. 
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LIQUID ROCKET ENGINE 

COMBUSTION STABILIZATION DEVICES 

1. INTRODUCTION 

The problem of combustion instability, or oscillatory combustion, has been encountered in 
nearly all rocket engine development programs. Combustion instability severely impairs the 
operation of both the engine and the vehicle system, and considerable effort therefore has 
been directed toward solving the instability problem. In general, combustion instability 
results from a coupling of the combustion process and the fluid dynamics of the engine 
system. By this coupling, the combustion process delivers energy to pressure and velocity 
oscillations in the combustion chamber. Consequently, combustion instability may be 
significantly reduced or eliminated either by reducing the coupling of the oscillations and 
the driving combustion process or by increasing the damping inherent in the engine system. 
This monograph discusses the design of devices that are assumed to  reduce 
coupling - combustion chamber baffles - and devices that are assumed to  increase 
damping - acoustic absorbers. Methods of modifying the combustion process (e.g., changing 
injection element characteristics) as a means of achieving combustion stability are not 
considered to be within the scope of the monograph. 

The basic objective in approaching the combustion instability problem, with either baffles 
or absorbers, is to achieve adequate stabilization as simply as possible. Thus, for example, 
designs using simple, uncooled baffle structures are fully explored before designs using 
complicated, internally cooled baffle structures are considered. At present, however, few 
well-defined, established criteria exist for selection of baffle configurations, lengths, or 
spacings that will lead to stable operation of the engine. Most designs in use today were 
based on experience with similar combustion-chamber configurations, propellant 
combinations, and operating conditions. Analytical approaches to baffle design are quite 
new and, although not yet well established, show considerable promise. Baffle design as 
treated in this monograph therefore makes use of both empirical and analytical 
methods. 

During normal operation and, in particular, during unstable combustion, baffles may be 
subjected to large transient stresses, high heat loads, and corrosive environments. Again, 
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both annl!*tic;il a n d  cmpiric;il tcchniqucs for st:itic and dynamic strcss analyses, thermal 
analyscs. a n d  chcniic:il coriip:ttihi1itj* an:rlyscs arc discussed 

Rafflcc can :iffczt csistinp rnginc configurations For example, thc iisc of baffles necessitates 
disrontintiitics in  irijcction p:ittcrns t h a t ,  in tiirn, producc i r rcplar i t ics  in the  
co ni h 11 c t i o n - p r o d I 1 c t fl o it% c 1 d \ it n d t I1 e r c h  y prod 11 cc poor  p cr form a n cc . Baffle designs ~ 

thcrcforc. interact dircztl!. with injector and cornhiistion-chamber design? Less direct 
interactions \r+ith propr.ll.int fccd systcms, tlinist vrctor  control systcmy stability rating 
devices. and  in~triimcnt;ition q’stcnis niny a l m  be encotintcrcd As shown in thc monograph, 
early recognition of potcnti;rl i n t c rx t ions  is csscntial to niinirni7ation of de le t c r iou~  effects. 

Acoustic ahsorhc*r dcsipn i \  txrtcd on incrcnsing the  damping inhcrcnt in the engine system. 
A5 in the  c a v  of  Ixtfllcs. feu. u.cll-c.ctahli\hrd guides for dcTign exist Analytical techniques 
for ca1ciil:itin~ iinh optimi;ring the abcorhcr d m p i n g  contrihution arc d i sc i iwd ,  and 
ernpiric:il result\ arc prcl;cntcd TIw annl>*tical calcitlntions hnvc shown good qualitative 
corrclntion with test  rcs\ilt\  ;ind ;ire considered rclinhlc. Sincc thc  damping provided by an 
acoti<tic abcnrhtr  ic; strong)), dcprndcnt on the  acoustic inipcdnncc properties of the 
absorhcr, conriticrr,ihlc~ eniph;isi< is pl;itcd on  proprr mrasurcmcnt and calculation of those 
proprrtics. Dct,iilcd method\ fo r  calcukiting acoustic iniprdancc arc given in Appcndix A. 

For both hnfflcs and  a t w v h c r s ,  tlic monograph trcat.; t hc  problcm of converting thc results 
of annl>*sic. ohccnat ion.  and test in to  tiscful structurcs that will provide thc desired 
conihuction st;ihilit!* ovcr the required lifetime of  tlic rockct enginc. To this end,  thc details 
of configurntion srlcction, construction, tlicrmal control, and confirmation testing are 
prcscntcd i n  tcrnis of the  pr;icticcs t h a t  havc bccn irtcd sticcessfully in thc dcsign o f  baffles 
and  ;ihc;orhcrs for conihtistion cli;inihcrs in oprrationa! cngincs 
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2. STATE OF THE ART 

The state of the art of the design and use of combustion stabilization devices in liquid 
propellant rocket engines is discussed in the sections that follow. Both baffles and acoustic 
absorbers are treated in detail. A complete description of the phenomenon of combustion 
instability may be found in the major reference book on the subject (ref. 1); there, the 
theory and much detail on the work to date on combustion instability is presented. 
However, much of the material in reference 1 must be considered advanced technology and 
to some extent unproved. The emphasis in this monograph is on proved techniques that 
produced successful hardware. 

2.1 BAFFLES 

Baffles have been used successfully to prevent transverse acoustic modes of combustion 
instability; baffles have little if any effect on feed-system-coupled modes or longitudinal 
acoustic modes of instability. The transverse modes (i.e., tangential and radial), for which 
baffles have been found effective, are characterized by oscillatory pressure waves and 
gas-particle motion parallel to the propellant injector face. Pressure waves and gas motion 
affect the propellant combustion processes in a manner such that transient energy addition 
to each wave exceeds that wave’s energy losses. 

Several theories have been postulated to  describe the method by which combustion-chamber 
baffles can bring about stable combustion. These theories can be grouped into two general 
classes. The first class postulates that baffles affect combustion instability by reducing the 
coupling of the combustion process and the oscillatory gas motion. One theory in this class 
presumes that baffles function by disrupting transverse gas motions; an allied theory 
proposes that they work by shielding certain sensitive regions of the combustion. Another 
theory in this class claims that the higher acoustic frequencies associated with baffk 
compartments result in lowered coupling. The second class of theories postulates that 
baffles function by increasing damping in the combustion chamber. One theory considers 
that oscillatory energy is dissipated by baffle tip vortices. Other theories in this class 
presume that baffles produce a drag on the flow over baffles and thereby increase the 
dissipation of oscillatory energy. 

The most important, and least understood, aspect of baffle design is how to ensure that the 
baffles will eliminate the instability. This elimination in fact entails using an adequate 
number of sufficiently long baffles to achieve the proper baffle compartment size as related 
to chamber acoustics. The other major aspects of baffle design deal with materials, 
structural design, thermal adequacy, and baffle interaction with other engine components. 
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2.1.1 Combustion Chamber Acoustics 
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where 

f = oscillation frequency 

c = velocity of sound 

0, ," = transverse eigenvalue from table I 

m,n = tangential and radial mode numbers (0, 1 , 2. . . .) 

q = longitudinal eigenvalue (longitudinal mode number), q = 0, 1, 2. . . . 

Dch = chamber diameter 

L c h  = chamber length 

The pressure and velocity profiles for the fundamental tangential-mode traveling wave are 
shown in figure 1 (ref. 5) .  Baffles in the chamber, unless they are inordinately short, 
interfere with the traveling waves. This effect is an indication of the prime mechanism by 
which baffles are believed to work: the prevention of transverse gas displacement by the 
baffle surfaces. An integral part of this mechanism is reflection of pressure waves from the 
baffles. For greatest effectiveness, therefore, baffles have been located in regions of 
maximum acoustic particle displacement; i.e., positioned at velocity antinodal planes (for 
tangential and longitudinal modes, the pressure nodal planes). These positions may then 
become pressure antinodes for a new wave. Conversely, a baffle positioned at an established 
pressure antinodal plane normally has very little effect on oscillation amplitudes. 

Acoustic model experiments. - Some indications of baffle effectiveness have been 
obtained by performing acoustic bench experiments (refs. 1 and 8) with scale models of 
combustion chambers. Care must be exercised in interpreting the results of such 
experiments because the test amplitudes are relatively low. The models are usually 
constructed as closed chambers, with solid plates representing the injector and sonic plane at 
the nozzle throat. Small electromagnetic speakers are positioned at appropriate locations in 
the model to drive the chamber's acoustic resonances. Resonant characteristics are discerned 
with strategically located or movable probe-type microphones (ref. 8). Typically, sound 
pressure level and phase at a given point are compared with values at a reference point. 

One very useful application of this technique is to  identify the acoustic resonances that can 
be driven in a complicated chamber configuration. The frequency of driver oscillation is 
gradually changed, and the frequency and sound pressure level (SPL) at fixed points in the 
chamber are recorded as functions of time. Resonances are easily seen as peaks on the SPL 
records. Many resonances can be identified immediately from their frequencies and the 
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Tablc I .  - Trantverw Eigenvalues in a Cylindric31 
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Figure 1. - Pressure and velocity profiles for fundamental tangential-mode 
traveling wave (ref. 5). 
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rccordcd SPL's a t  various positions For othcrs, siibscqucnt expcrimcnts may need to be 
w n d u c t c d  in which drivcr frcqucncy is hcld constant at  that of  the resonance while more 
dctailcd spatial amplitirdc and phasc measiiremcnts arc made. If dcsircd, particle velocity 
characteristics may also bc m c a w c d  with hot-wirc ancniomctcrs. Thc experimental 
tcchniqucs arc describcd in rcfcrcnccs 8 and 9. 

Baffle effcctivcncss is studicd in acoustic models primarily by comparing sound pressure 
lcvcls for chambcrs with and without  baffles. Potential baffle effectiveness is presumed to be 
proportional t o  thc  attenuation of thc modcs of  intcrcst. This at tenuat ion d m  not reflect 
the effects of high-amplitudc W ~ V C S  that occur in thc combustion chamber. Fo r  modes tha t  
arc attenuated but  not complctcly eliniinatcd, a mcasurablc parameter is the acoustic decay 
cocfficicnt. Decay cocfficicntc arc obtaincd from acoustic model experiments by  abruptly 
stopping the oscillatory .powcr to thc acoustic driver and monitoring the temporal decay in 
aniplitudc of  a particular rcsonancc that was bcing driven. Part (a) o f  figure 2 (ref. 9 )  shows 

A - YAVELCHCIH - c / f  
f fREQUEHCY OF RODE 
0 - OlWCTlR O f  CHAII9lR 
c - S P E E O  OF SOUHD (CWO - 1 1 3 0  FT/SEC; HOT - j800 Fl/S€C) 
h 
6 - OCCAY M T E  dblSEC - - - - - -  HALF-SCAL1 RODEL - full-$CALI CHAIIBER 

A V E R X G E  CAFFLI HL ICHT (AREA/RADlAL LENGTH) 

0 
0 0.04 ODE 0.12 0.16 320 

h/A 

(a) EFFECT OH DECAY MI€ 

0.65- 

10 
C 
c 

0.50 - 
\ 

0.45-  

I 
O.4b- 

0.35 
0.05 0.10 0.15 0.20 0 

hlA - C 

(b) tFfCCT ON rRCQUCMY 

Figure 2. - Experimental results on effect of baffle height on first tangential mode (ref. 9). 
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typical results of this type of model experiment and presents comparable data from studies 
with full-scale chambers. Care must be exercised in setting the driver frequencies because 
baffles lower the resonant frequencies of the modes that they affect most strongly. 
Examples of such reduction are shown in figure 2(b) *,which also shows that these model 
effects are comparable to actual combustion-chamber behavior. 

2.1.2 Baffle Geometry 

2.1.2.1 TRANSVERSE COMPARTMENT DIMENSIONS 

Although the baffle length (sec. 2.1.2.2) may be adequate to prevent resonances of the 
entire combustion chamber, the baffle compartments themselves can sustain a compartment 
mode of instability. The probability of this kind of instability lies in the response of the 
combustion processes to a compartment resonance. Generally, the likelihood of instability 
decreases as the resonant frequency decreases. This relation, in turn, implies that small 
transverse spaces between baffles are beneficial. In practice, there are several limitations on 
the number of ba.ffles that can be used 'and on how closely they may be spaced. To 
minimize the likelihood of compartment modes, the compartment dimensions are 
minimized within limits set by structure, thermal environment, interactions with injection 
ports, and similar parameters. 

Baffle spacings that provide adequate stabilization most often have been arrived at by 
cut-and-try development testing. Personnel engaged in such developmental work have 
accumulated a body of experience that, although useful for a particular project, may not be 
applicable to  new or different injector or chamber designs. Further, this experience is 
difficult to impart quantitatively to other designers. Recently, some success has been 
achieved in the application of analytical methods to the design of baffles. Because this 
approach can be ( 1) more nearly accurate quantitatively, (2) applied with greater confidence 
to situations outside the range of existing design experience, and ( 3 )  more readily imparted 
to other designers than can empirical knowledge, it is discussed first. 

Nonlinear combustion analysis for compartment sizing. - Analytical models of combustion 
instability have been recognized for some time as desirable aids in designing baffles. An 
analytical approach to baffle design has been employed in some recent engine development 
programs (refs. 10 and 11). Limited experimental evaluations of the results look promising 
enough to warrant including an analytical examination of baffle spacing and length in any 
baffle design effort. 

*The limiting nondimensional frequency as h --f 0 in a cylindrical chamber is fD/c = 0.586 (table I). The higher value in 
figure 2@) apparently results from the noncylindrical chamber shape used for the test. 
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and 15 in. (15.2 cm and 38.1 cm)*. The data have been summarized by McBride (ref. 1, 
secs. 8.2.2 and 8.2.3) by comparing compartment dimensions to the wavelength of a 
particular instability. The recommendation derived from the study was that the maximum 
transverse dimension w,,, (measured along baffle or chamber surfaces) should lie in the 
range 

0.2 h < wmax < 0.4 h (2) 

where X is the instability wavelength. The lower limit appears to  have been based largely on 
LO2 /LH, ** data of reference 16. 

Now consider a hub- and-spoke baffle design (sec. 2.1.2.3) such that we > w, : 

Then the tangential baffle spacing for suppressing tangential modes becomes 

Dc h 

P m  ,o 
We max = (const) h = (const) - 

The tangential spacing is also related to the number of radial baffles NB by 

(3) 

Hence, the quoted limits of wemax result in 

*Parenthetical units here and elsewhere in the monograph are in the International System of Units (SI units). See Mechtly, 
E. A.: The International System of Units. Physical Constants and Conversion Factors, Second Revision. NASA SP-7012, 
1973. 

**Materials, symbols, and abbreviations are identified or defined in Appendix B.  
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For t l i c  first t;inpcnti;il rcson:incc (0, ,o = 0.5801, the* rcsult is :ipprosini:itcl!* 
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Table 11. - Relation of Chamber Diameter to  Number of Baffles in 
Dynamically Stable Operational Engines 

Chamber 
diameter, 

Engine 

RS-14* 

LM Ascent*’ 

Titan Stage I1 

Apollo Service Module 

Titan Stage I 

Atlas Booster and H-1 

F- 1 

3.2 

7.79 

14.5 

17.6 

20.0 

20.4 

39 .O 

‘Also used absorber 

- 
cm 

8.1 

19.8 

36.8 

44.7 

50.8 

51.8 

99.1 

Number of Dch/NB 
radial 

baffles, 
in. cm NB 

3 1.1 2.8 

3 2.6 6.6 

7 2.1 5.3 

5 3.5 . 8.9 

7 2.9 7.4 

6 3.4 8.6 

8 4.9 12.4 

7.8 19.8 

2.9 7.4 

5.9 14.9 

4.0 10.2 

5.1 13.0 

6.5 I 16.5 

In addition, it can be seen that by the use of NB - 2 the ratio of maximum to minimum 
values for the parameter has been reduced from about 4.5 to  about 2.7. Further, the two 
engines with the high numbers, the F-1 and the LM Ascent, are noted for extremely stable 
injectors; the former derives its stability from very large fuel orifices, the latter from a 
highly effective acoustic absorber. Thus, if one is to  achieve a rule of thumb from this 
experience, it appears that a good empirical relationship worth remembering would indicate 
that when Dch is expressed in inches the ratio Dch/(NB - 2) should be not more than about 
5. 

However, Dch/NB or DCh/(NB - 2) is almost totally dependent on the injector type and 
pattern and the propellant combination. Closer baffle spacing is required with injectors 
designed to  produce good interpropellant mixing and finely atomized sprays than with 
“coarse” injectors (ref. 1, sec. 7.4.6, and ref. 17). Reference 17 presents minimum 
combustion response times determined for several injectors using LO2 /LH2 propellants. 
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There valucr arc indiciitivc of ni:iuiniiini rrronnnt frcqticncics allo\r.nblc in a bnfflc cavity or 
cornburtion chnmhtr.  According to onc tlicor)., c1ahoratc.d in rcfcrcnccs 18 and 19, if the 
pcriod of  the inst:ibility is less t1i:in tlw rcsponzr time, t l i c  cornhiistion !vi11 not rcspond to 
the  inst:ihilitj* u ' : ~ c  and thr~cforc will rcrnnin st:ill!c 

A ritlc of f h t~mb somrrinrq applicd i c  f l i n t  tlic*rc is l i t t l e a  Iikclihnod of  inst'ihility if tlic baffle 
conipartnicnt triinwersc' rcsonant f rqiccncy csccccl\ 5000 I! /  hf'iriy cx:implcc niay be cited 
whcrc stability H':IY achicvcti u.itli f;ir lower f r t q w n c i s  ( e  p . the cvcn numhcrq of  bnfflcr in 
thc forcgoinp list); mozt of tlicrr cIioriibcr< had niodzratcgl>* come injection pat terns and 
holc si7cs H' i t l i  v c ~ ) '  fine ntomi7;ition and good intcrprnpcll.int miuing. bcifflc compsr tmrnt  
modes of inrt,ibilit>* at frcqtrcncics of over 9000 111 h:1vc occtirrcd Dcsipn of bafflc spacing 
t o  rairt. the  lowest conip:irtmcnt rcronnnccs to evcn higher frcqtiencicr mny bc physically 
imprncficnl I n  11i;it c,7se,.st;if~ili/ntiori of tlic Infflc cornpwtmcrit modcs hnr sometime< bccn 
achicvcd by trcing sonir otlicr dcvicc (e.g , an ;ic'oii<tic cavity) to provitk auxiliary damping 

2.1.2.2 BAFFLE LENGTH 

B:ifflc lcngtli is thc distiincc downqtrc:ini of tlic injector to which n baffle. asrcmbly extends 
If  the injector is ciin.cd or if h f f lc  Icngth i.; not constant acrorr the injector face, it ~ t i a y  bc 
appropriate to define a incnn baffle lcngtli For es;implc. with rndinl variation of baffle 
length. tlic esprcrrion 

r = radiris, i.c., rxiisl  d i s tmcc  from chnmbcr axis 

rch = radius of comhir~t ion  chnmbcr 

ha< hccn urcd (rcfs 1 and 9 ) .  For tnnprntinl modcs, Iiowcvcr. rnorc influence is exerted on 
conih t i~ t ion  stability by tlic outer portion5 of biifflcs thnn by the inner portions, so that 
sirch a definition a p p c m  incomplt*tca. If baffles cs tend tinifornil)* to a givcn chamber crosr 
section. the bnf!lc Icnpth at  thc chanihcr wall might be conridered to h c  the appropriatc 
mi n imii m v a  ri nl j lc  
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The length required to effect adequate stabilization varies among baffled liquid rocket 
engines by as much as an order of magnitude (% in. [ 1.27 cm] for small storable-propellant 
engines to 5 in. [ 12.7 cm] for large toroidal aerospike engines). The requisite length appears 
to be influenced strongly by the propellant combination and the injector design and less 
strongly by combustion chamber design and operating conditions (see item 3 in the 
nonlinear combustion analysis previously described). 

A recent experimental study of baffle spacing (ref. 20) indicates that it may be possible to 
determine the required baffle length from cold-flow analysis. Using cold-flow techniques 
originally developed by J. Rupe and described in references 14 and 15, Clayton found that 
the required baffle length for dynamic stability corresponded to the point of uniform 
propellant distribution in the chamber. This criterion was very successful in correlating 
baffle l e d h  with spray analysis. 

Guidelines from hot-firing tests. - A majority of baffle lengths have been selected on the 
basis of past experience. Usually, experimental information with similar propellants, injector 
designs, and other parameters have served as a guide. Extension to  designs or conditions 
beyond those for which direct experience has been established is always questionable, and 
experimental evaluation of new designs is essential. 

Full-scale engine experience regarding baffle lengths frequently has agreed with results 
obtained in experiments with appropriate model chambers. For example, hot-firing tests 
with LOX/RP-1 propellants in the Atlas booster engine, the H-l engine, and 
two-dimensional and annular model chambers consistently demonstrated that baffles 2.5 to 
3 in. (6.3 to 7.6 cm) in length were needed to  ensure stable operation. All the tests involved 
similar injector element types (self-impinging doublets) and design variables (hole sizes, 
spacings, impingement angles, etc.,) and essentially the same combustion-chamber 
contraction ratio and instability modal frequencies. Chamber pressure was varied from 
about 150 to 700 psi (1.03 to 4.83 MN/m2). 

Subsequently, the combustion chamber for the F-1 engine was found to  require about that 
same range of baffle lengths, even though this larger engine had sizeable increases in 
injection-element orifice sizes, chamber pressure, and maximum baffle compartment 
dimensions, while the chamber contraction ratio and acoustic frequencies were very 
appreciably decreased. There is a strong implication, based on the above LOX/RP-l 
experience, that baffle length either is constant or depends on other parameters not varied 
in these tests, viz., injection element type and propellant combination. With LOX/RP-I 
propellant, self-impinging element types (doublets and triplets) have nearly always been 
used. For experience with other injector types, other propellants must be investigated. 

The variation of stability with baffle length was measured in a series of tests with Lunar 
Module Ascent Engine (LMAE) (ref. 21). For these tests, the injection elements in the 
baffles were plugged, and the baffle was sequentially shortened. The results from these tests 
are shown in figure 3 (ref. 21). For baffle lengths less than 0.75 in. (19mm),instability was 
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1 I N .  2 s . l  KY 
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BAFFLC LEHGTH, It:. 

Figure 3. - Effect of baff le length and cavity depth on damp 
time - Lunar Module Ascent Engine (ref .  21). 

readily initiated tvithout a qliartcnvavc-typc acotiqfic ahsorbcr. Ilowcvcr, with thc absorber, 
stability w m  maintained even when thr  bafflc u+:\c; rcniovcd entirely. 

Baffles h a w  sonirtinics bccn mndc too long hccauw of iniproprr dingnosk of instability 
prohlems. Thc two cases descrihcd bclow u'crc anntiI;lr chnmhcrs and  had fairly large 
contraction ratios. 

In thr Extended R m g r  Lance (XRI.) boostcr engine (contraction ratio of  threc), baffles 
initially 3 in. (7.6 cni) long u'erc insufficient to s top  an anomalouq first tangential mode. 
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This tangential mode was not clearly identified, but the frequency value was approximately 
that calculated for the first tangential. The decision was made to make the baffles 5 in. 
( 12.7 cm) long. When this configuration was tested, the mode had a slightly lower frequency 
and the amplitude was decreased, but the instability remained. Later in the program, this 
particular instability was identified with resonance in the feed system and was completely 
eliminated by feed-system baffles. It is unlikely that the increase in baffle length provided 
much aid in instability suppression. 

In a similar case, an aerospike engine (contraction ratio of 12, utilizing hydrogen and 
oxygen propellants) exhibited an eighth tangential mode of about 1500 Hz. The combustion 
chamber had baffles 3 in. (7.6 cm) long; they were extended to 5 in. (12.7 cm) with little 
change in results, as in the case above. It was later found that the instability that had been 
attributed to insufficient baffle length was actually a feed-system problem, and the problem 
was solved by modification of the feed system. 

The proper approach, of course, is to be certain that the source of the instability lies in the 
combustion chamber before altering the chamber baffles. 

Experimental guidelines. - Considerable experience has been accumulated with the 
cryogenic LOz /LH, propellant combination and with the earth-storable propellants, 
primarily N,0,/50:50*. Some of these data were reviewed by McBride (ref. 1, secs. 8.2.2 
and 8.2.3), who arrived at a conclusion that an optimum baffle length L B  opt is proportional 
to chamber size for cylindrical chambers, i.e., 

L, opt = (0.2 to 0.3)DC, 

It has been frequently observed that there is a minimum effective baffle length below which 
stabilization cannot be ensured. Figure 4 (ref. 16) presents an example of a chamber in 
which baffles shorter than 1 .O in. were ineffective no matter how closely spaced. (It should 
be noted that the “McBride Criterion” (eq. (8)) appeared adequate for all baffles tested in 
reference 16 and thus would appear to give a generally conservative estimate.) When baffles 
longer than the minimum are used, a tradeoff of baffle length and maximum compartment 
size may be possible. It was proposed in reference 16 that, for baffles longer than the 
minimum effective, the maximum baffle compartment dimension could be as large as 
perhaps five times the baffle length. (This factor is just the slope of the stability boundary 
on the right hand side of figure 4, which happens to extrapolate nearly through the origin.) 
Considerably more data would be required to develop confidence in the approach, but it is 

interesting to consider the implications of the simple tradeoff relationship LB 2 -wmaX. 
1 
5 

*SO% N2H4: 50% UDMH, by weight. 
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These values suggest that McBride’s “optimum baffle length” could be appropriate only for 
three- or four-blade baffle configurations. 

If the largest compartment dimension is w, max, minimum baffle length may be related to the 
number of cylindrical cans by 

1 
15 

- 1  
25 

x - for N,, = I  

for N,, = 2 x -- 

These numbers are appreciably smaller than the corresponding minimum blade lengths for a 
radial baffle. This difference suggests that a hub-and-spoke baffle configuration (sec. 
2.1.2.3) with equal hub and spoke lengths may have hub lengths considerably in excess of 
the minimum when the spoke lengths are marginally larger than the minimum. This relation 
might partially account for the great preponderance of tangential modes among cases of 
instability observed with marginally adequate baffle designs. 

2.1.2.3 CONFIGURATION 

The nodal surfaces for the lower order modes in cylindrical and annular combustion 
chambers usually are radial planes or circular cylindrical surfaces. As a result, the plan view 
of common baffle shapes has continuous cylindrical cans positioned near the pressure nodes 
of the radial acoustic modes and plane radial vanes positioned to disrupt the tangential 
acoustic modes. These cans and vanes are combined to form a “hub-and-spoke” pattern. In 
other cases, only the tangential modes have been designed for, so that only radial vanes are 
employed. Both types of baffle design are illustrated in figure 5. On occasion, particularly in 
small chambers, the radial baffle blades have not extended to the center of the chamber; 
extreme examples of this are small baffle tabs extending only a fraction of a chamber radius 
from the chamber wall (sec. 2.1.2.3.1). 

The number of radial vanes used depends largely upon the diameter of the combustion 
chamber as discussed in section 2.1.2.1. In general, ai; odd number of baffles is preferred 
over an even number, because an odd number (3, 5, 7, . . .) of radial baffles can be aligned 
with the nodal pattern of the corresponding (3, 5, 7 , .  . .) tangential mode, while an even 
number (4, 6, 8 , .  . .) can be aligned with the nodes of the lower order (2, 3, 4 , .  . .) 
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1 /VELOCITY NODAL L I N E  

- 

NODAL L INES 

(a) UNBAFFLED: PATTERN EITHER 
STANDS OR SPINS 

(b) SINGLE RADIAL (OR DIAMETRAL) 
BAFFLE: PATTERN STANDS W I T H  
VELOCITY NODAL L I N E  ALONG BAFFLE 

Figure 6. - Effect of a single baffle on first tangential mode. 

RESSURE NODAL L INES 

-- 

(a) THIRD TANGENTIAL MODE 
(THREE BAFFLES) 

(b) SECOND TANGENTIAL MODE 
(FOUR BAFFLES) 

Figure 7. - Mode fitting: odd number of baffles, j, fits jth tangential 
mode; even number of baffles, k, fits (k/2Ith tangential 
mode. 

21 



Figure 8. - Examples of nonradial baffles and bJfflc configurations wiTh nonuniform spacing 
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To compound the problem, the injector symmetry usually makes it most convenient from a 
design standpoint to attach the baffles directly over one of these feed-system barriers, e.g., 
the LOX dome splitter. When this design practice is employed, the feed system and the 
combustion chamber can oscillate together (acoustic velocities in most liquids are very close 
to those in combustion gases) and thus easily reinforce each other. Unfortunately, no 
systematic study has been made of this coupling, so that there is no definite proof that the 
combustion gas and liquid side couple. 

2.1.2.3.1 Profile 

If one looks across the injector face to obtain a profile or elevation view normal to a baffle’s 
surface, two key design points emerge: baffle conformity to instability modal velocity and 
pressure distribution, andcontinuity of baffle surfaces with adjacent surfaces. The profile of 
the baffle is shaped to obstruct acoustic particle displacement; this dictum follows directly 
from the preceding discussion. Although baffle location is based on the description of 
particle displacement patterns, baffle effectiveness also depends on the pressure oscillation 
pattern. This fact sometimes is used to modify the design, particularly the baffle profile. 

The role of baffle profile is best illustrated with an example. For the first tangential 
traveling wave, the maximum amplitude of particle velocity occurs at the center of the 
chamber, where the pressure amplitude vanishes. Near the walls, pressure amplitude is at a 
maximum, whereas particle velocity is finite but has lower amplitude than at the center. I t  
has sometimes been found that combustion-chamber stability to this mode is not impaired 
by removing the central portion of radial baffles. In the extreme, some small rockets have 
been stabilized with very small baffle tabs extending from the wall as shown in figure 9. 

A less extreme example is the use of “wing-shaped” baffles (fig. IO)  in stabilizing the 
Gemini engines (ref. 26). Truncated baffles, as in figure 9, have been used for engines that 
were only marginally unstable, so that only a small amount of disruption of wave travel was 
needed to effect stability. 

Partial propagation of pressure waves and gas flows jetted through gaps between baffle and 
injector, between baffle and chamber wall, or between baffles may subvert the intended 
stabilization. With slowly reacting propellants, attachment of the baffle to the injector face 
may not be required for stability; reference 27 discusses a small rocket (with nitric acid 
oxidizer) that was stabilized by baffles several inches downstream rather than by baffles 
adjacent to the injector. However, very narrow cracks (0.0 10 in. [ 0.25 mm] ) between baffle 
and injector face, which may not influence stability but do allow oscillatory hot-gas flows 
through them, have resulted in hardware erosion. These narrow cracks, even under stable 
combustion conditions, often result in erosion by steady gas flow; this steady flow is 
generated by pressure gradients caused by propellant maldistribution in adjacent baffle 
compartments. If injection density is maintained constant between compartments, this gas 
flow can be reduced. 
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F i p m  9. - Bafftz tab  

BAFFLES 7 
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Figtire 10. - Wing shaprd I n f f l c s  trsrd for stabiliiing thc Gemini engincs ( re f ,  26). 
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2.1.2.3.2 Cross Section 

Four examples of baffle design are presented in the cross-sectional views given in figure 1 1. 
The benefits or drawbacks to each design are discussed briefly below. 

BAFFLE 

INJECTOR FLOW FLOW 
__I) - FACE 

(a) B A S I C  BAFFLE DESIGN 

SI BAFFLE 
INJECTOR 

FACE FLOW - 
( c )  DESIGN INTENDED TO PREVENT PLUGGING OF INJECTOR 

ORIFICES WHEN IMPOSED ON EXIST ING INJECTOR 

(b) PLANE, RADIAL BAFFLE USE0 ON F - l  INJECTOR 

INJECTOR 
FACE 

FLOW - -- 

(d)  CONTOURED BAFFLE INTENDED TO HELP CONTROL 
GAS FLOW 

Figure 11. - Four types of baffle cross sections. 

By far the majority of baffle designs has been based on a simple rectangular baffle cross 
section shown in figure 1 I(a). The thickness of such a baffle depends on the baffle cooling 
method and baffle strength required (secs. 2.1.4 and 2.1.3). In general, the thicker the 
baffle, the more likely the baffle will interact adversely with injector design, performance, 
chamber cooling, and so forth. In many cases, trapezoidal baffle cross sections have been 
employed in attempts to minimize such interactions (e.g., F-1 engine injector baffle shown 
in fig. ll(b)). Other variations include a rectangular section followed by a rounded or 
trapezoidal baffle tip (tapered tip). The method of baffle cooling influences the selection 
here. 
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2.1.2.4 DESIGN CONFIRMATION AND RATING 



cooling method (if any), and test duration. A hot-firing design development can be made 
much more efficient by linking it with combustion analyses such as the method outlined in 
section 2.1.2.1 and with cold-flow acoustic experiments as discussed in section 2.1. I .  

Regardless of the confidence in the analysis or in the design of the combustion chamber and 
its baffles, the resultant hardware is tested to demonstrate mission suitability. Rocket 
engines that are to be “man rated” (i.e., carry human passengers) must show dynamic 
stability. The purpose in requiring a dynamically stable rocket engine is to ensure that 
catastrophic loss of the engine or vehicle will not occur as a result of combustion instability. 
Dynamic stability considered in initial engine design minimizes the overall development cost 
of a reliable system. 

Stability testing therefore preferably begins early in the development program and is 
extensive enough to provide high confidence in the stability margin of the evolving engine 
design; deferring extensive stability testing until the end of the development program can 
lead to major cost and schedule impacts if unacceptable stability characteristics are 
discovered at this late stage. References 29 and 30 describe the approach followed in a 
well-prepared stability rating program. Reference 29 also suggests that, t o  find the “design 
margin”, tests be made at operating conditions under which the engine is never to be 
operated. This kind of test does little to rate an engine, because (as mentioned so often) 
only small design changes or operating condition changes may make large changes in the 
stability of an injector. There is a way, however, to determine a “stability margin”; but the 
method has not found much use because of its high cost. The margin may be expressed in 
either the length of the baffle or the number of baffles. Thus, if the design uses eight baffles 
3 in. (7.6 cm) long and it can be demonstrated that six baffles 2.5 in. (6.3 cm) long are just 
marginal in stabilizing the engine, the “design margin’’ might be said to be two baffles and 
0.5 in. (12.7 mm). The design margin can be stated more quantitatively in the case of 
acoustic absorber designs, where a damping coefficient can be calculated (sec. 2.2). 

For engines that are not to be man rated, such an extensive rating procedure may not be 
justified but, as noted above, well-planned and systematic rating can help in making the 
development program more cost effective. 

Artificial disturbance devices. - Currently, the two most effective devices for artificially 
triggering instability in a combustor are nondirectional explosive charges (bombs) mounted 
inside the combustion chamber and detonated during the test run, and pulse guns that direct 
a shock wave into the combustion chamber. Other techniques such as a short gas pulse into 
the engine, variation of operating conditions (not desirable), and feed-system pulsing have 
also been used as artificial disturbances. The various methods are discussed in great detail in 
reference 1, chapter 10. This reference also gives detailed information on the 
instrumentation to be used in concert with the triggering devices, where the device should 
be placed in the chamber, and the relative advantages of one to another. 
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2.1.3 Structural and Mechanical Design 

2.1.3.1 MATERIAL SELECTION 



A material possessing a low value for thermal diffusivity K (= k/pC,) and a high melting 
point often is useful for heat-sink baffles. The low value for K delays the achievement of 
steady-state temperature in the baffle, and the baffle thus may maintain structural integrity, 
particularly if engine firing duration is short. 

Theoretically, materials with high melting points would be desirable for all baffles, because 
they could be operated at high temperature. Thus, since the difference between gas 
temperature and allowable baffle surface temperature would be low, the heat flux to the 
baffles would be low, and cooling problems would be minimized. In practice, however, 
materials with very high melting points (e.g., the refractory metals molybdenum, tungsten, 
and columbium) have other properties that have thus far militated against their use. All of 
these materials are easily oxidized and often are very brittle. Unfortunately, satisfactory 
oxidation-resistant coatings for these materials have not yet been developed. Furthermore, 
refractory metals are quite expensive and difficult to fabricate. Ablative materials*, 
however, have been used for baffles and are discussed in section 2.1.3.5. 

An interesting use was made of aluminum baffles in a LOX/RP-1 engine (ref. 3 1). The 
objective was to consume the baffles soon after ignition so that they would not interfere 
with engine operation during mainstage, but would be present during ignition to prevent a 
combustion instability triggered by a hard start. 

Chemical compatibility. - Chemical attack by one or both propellants on the baffle 
material is a very real possibility. Generally the baffles will be relatively hot on the surface, 
and raw, unburned propellant splashing against them can cause severe and rapid corrosion. 
This corrosion has not been a severe problem in the past, since it is usually recognized early 
in the design phase that chemical compatibility is required. The use of aluminum and carbon 
steel with oxygen; copper with nitrogen tetroxide and nitric-acid-based oxidizers; and 
silica-based ablative materials with fluorine have been avoided (ref. 32). 

If there are overwhelming reasons to utilize a particular baffle material, chemical 
compatibility can be attained by thin plating; e.g., gold plating of copper has stopped 
corrosion by IRFNA. Further, when the baffles are sufficiently cooled to reduce the rate of 
corrosion, an “incompatible” baffle material can be used for short times. Corrosion 
protection is highly coupled with injector mixture-ratio gradients and heat transfer to the 
baffles. 

Quality control. - Assurance that baffle material meets specifications has been shown to be 
important. During F-1 engine development, for example, cracks were found in the outer ring 
baffle on three injectors. Dye-penetrant inspection showed a large number of cracks in the 

*Materials that absorb or dissipate heat while being decomposed to gases and porous char. Ablative materials isolate 
underlying structural material from degrading effects of high-temperature environments. 
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2.1.3.2 STRESSES 

2.1.3.2.1 Thermal Stresses 
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Figure 12. - Distortion of baffle injector on F - I  engine - inner radial baffle after 3288 seconds, 57 tests. 



Figure 13. - Distortion of baffle injector on F.1 engine - outer radial baffle after 3048 seconds. 34 tetts. 



trailing-edge coolant passage and ultimately a combination erosion/pressure failure, which 
occurred on five injectors. 

The bulging of the inner radial baffles also causes a reduction in the effective hole size at the 
entrance of the dump coolant orifices. To determine the rate of change, an inspection of the 
orifice sizes was made after each 150-second test. The maximum-diameter pin that could be 
inserted through the coolant hole was considered to represent the orifice size. The 
inspections revealed large reductions in orifice size near the outer ring. The orifices were 
reduced in diameter from an original value of 0.067 in. (1.7 mm) to 0.050 in. (1.3 mm) at 
2250 seconds. This change is equivalent to a 40-percent decrease in coolant flow, which 
causes an increase in the surface temperature. This higher temperature, however, is an effect 
and not the cause of baffle bulging. 

Periodic redrilling of the coolant holes was evaluated to determine the effects of more 
nearly constant flowrate on baffle overheating. Redrilling is difficult to perform with the 
injector in the engine. The small-diameter drill (0.067 in. (1.7 mm)) is very susceptible to 
breakage in the coolant holes. The removal of the broken drill is difficult, and notching the 
baffles to expose the broken portion usually is necessary. The frequency of drill breaking in 
the orifices makes this method of maintaining original orifice size undesirable. 

2.1.3.2.2 Dynamic Stresses 

Transverse loads to which baffles are exposed usually are dynamic or short-term loads. 
These loads have caused severe permanent distortion in many baffle systems. Even in the 
case of the F-1 engine, which utilized very strong baffles, the blades became permanently 
bowed after a few tests for dynamic stability (i.e., a bomb exploded in a baffle 
compartment). In the Gemini (Titan) engine development program, it was found that baffles 
that were unsupported at the tip (cantilevered from the injector face) suffered severe 
distortion from bomb blasts inside the chamber. In extreme cases of a sustained combustion 
instability, the baffles were not only distorted but were ejected from the chamber (ref. 29). 

Engines that operate at relatively low chamber pressure (e.g., the LMAE and Apollo Service 
Module engine) have not experienced this distortion problem to such an extent. Although 
the steady-state pressure is not important directly in the loading of the baffles, it has been 
found that when a bomb is detonated in an engine the resulting overpressure is a strong 
function of chamber pressure. Thus the transverse load experienced by the baffles increases 
directly with chamber pressure. 

In addition to bomb blasts, hard starts can also cause baffle deflection. Generally, 
hypergolic propellants ignite smoothly and do not cause an ignition spike or hard start. 
However, even with hypergolic propellants (and nonhypergolic propellants in very small 
chambers operating at vacuum conditions) severe ignition spikes occur under certain 
temperature and valve-timing conditions (ref. 33). In the case of propellants such as liquid 
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A particularly severe attachment problem was encountered on the LMAE. The aluminum 
injector had a three-bladed aluminum baffle, electron-beam welded to the injector face. I t  
was found that after several firings the baffle would progressively rip loose, the tear starting 
at the edge of the injector. Although the original diagnosis attributed the failure to poor 
welding, later analysis showed that the differential heating of the baffle tip and base (the 
base is better cooled than the tip) caused tip compressive yield and subsequent failure (see 
also ref. 35). 

Similar problems were experienced on the F-1 engine. Until a high-strength braze joint was 
developed, baffles would often come loose from the injector face. After the braze joint 
became sufficiently strong to hold the ring and injector, the deformation described in 
section 2.1.3.2.1 occurred. 

2.1.4 Thermal Control 

A baffle is cooled to prevent its being heated to temperatures that endanger its structural 
integrity. Effective cooling of a baffle normally is achieved by a sequence of steps as 
follows: 

(1) Analytical determination of the thermal and chemical environment of the baffle 

(2) Evaluation and selection of the most suitable cooling technique for the conditions 
established in (1) 

(3) Experimental evaluation of the effectiveness of the cooling method. 

2.1.4.1 ANALYTICAL BASIS 

The most important parameter of the baffle's environment is the adiabatic wall temperature, 
i.e., the temperature that an uncooled baffle would approach if allowed to remain in the 
environment for a very long time. The adiabatic wall temperature has been found to vary 
greatly with distance from the injector face as well as with radial and tangential position 
(ref. 14). An analysis that assumes that the adiabatic wall temperature of a baffle is equal to 
the equilibrium gas temperature corresponding to  an overall mixture ratio is likely to be 
grossly in error. The error in adiabatic wall temperature arises because the partially burned 
combustion gases near the injector face are cooled by the rapidly vaporizing propellant and 
because the baffle is cooled by liquid propellant splashing on the baffle surface. On the basis 
of the data in references 14, 29, 30, and 36, the local value of adiabatic wall temperature is 
unlikely to rise above 3000" F (1922 K) in the first 2 in. (5 cm) downstream of an injector. 
Methods outlined in references 1 and 14 give a good representation of the environment 
outside the baffle surface. 
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SECTION A-A 

Figure 15. - Coolant passages in baffle on F - I  engine injector 
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COOLANT PASSAGE 

SECT1 ON THROUGH BAFFLE OR1 FI  CE 

Figure 17. - Coolant-passage enlargement caused by erosive 
cavitation of heated coolant. 

erosive cavitation. An increase of pitting along the port is characteristic of cavitation, and is 
probably caused by coolant exit temperature near the boiling temperature. The condition 
depicted in figure 17 occurs after extensive testing on all baffles exposed to high 
temperature. 

Occasionally, difficulties in fabrication and assembly of the hardware involved in dump 
cooling may introduce problems. For example, the Bell LMAE incorporated bipropellant 
(N, 0, /SO: 50) dump-cooled baffles. These aluminum baffles had relatively complicated 
cooling manifolds machined into them. Because of the complex passages, it was necessary to 
machine from the side of the baffle and subsequently cover these passages with a cover 
plate. The cover plate was in turn electron-beam welded in place. At one time in the 
development, an oxidizer leak through a faulty weld apparently triggered an instability. In 
subsequent tests with leaks intentionally drilled into the oxidizer passages, the engine did 
indeed run unstably. 

2.1.4.2.2 Mass Transfer Cooling 

Nearly all baffles have some sort of film, transpiration, or mixture-ratio-bias cooling. In 
many cases, this form of cooling is not employed by design but simply happens because 
liquid propellants are splashed on the baffle by the injector orifices. In other cases, as 
mentioned above, a quickly vaporizing propellant such as hydrogen in a LOX/LH, engine 
quickly surrounds the baffle and forms a cool gas layer before significant oxygen can 
vaporize and react with the LH, to raise the surrounding gas temperature. 

In many development programs, chronic hot spots in baffle surfaces have been cooled 
simply by enlarging a nearby injector fuel port so that it furnished additional film or 
mixture-ratio-bias cooling. 
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2.1.4.2.4 Composite Baffles 

Two types of composite baffle structures built up from unlike metals have been used. In 
one type, a “backbone” of a strong metal is covered completely with a thin sheath of metal 
that has more desirable baffle surface properties (e.g., high thermal conductivity and 
resistance to chemical attack, as in gold-plated copper). The other composite, used for 
internally cooled baffles (ref. 29),  has a high-conductivity core (rather than surface) material 
to distribute the average heat flux to the baffle coolant passages and thus maintain the 
entire baffle structure at a lower temperature. A more common composite, metal/ablative, is 
discussed below. 

2.1.4.2.5 Ablative Baffles 

For applications that have relatively short lifetime and few restarts, an alternative to an 
uncooled baffle (i.e., conduction cooled) is a baffle made of ablative materials. Ablative 
materials for baffles have been limited to fiber-glass-reinforced phenolics, but other ablatives 
such as carbon-cloth/phenolics or nonreinforced materials such as nylon or Teflon could be 
used equally well, especiaIly if the thrust chamber wall is made of these materials. 

Occasionally, baffles have been fabricated entirely of the ablative material, but low 
structural strength and lack of ductility have resulted in poor performance. Several attempts 
to use ablative baffles in the F-1 engine always resulted in baffle failure and ejection through 
the nozzle. A more successful approach has been the use of a surface layer of ablative 
material over a metal structure. 

This approach was used in the XRL engine. There, an ablative-coated stainless steel baffle 
assembly was attached to the ablative chamber walls. The metal baffle-support structures 
were recessed into the chamber walls and covered with ablative inserts that restored the 
cylindrical wall contour. The baffles themselves were strengthened by a metal structure. 
These baffles, even in lengths up to 7 in. (18 cm), have proven durable for short (< 10 sec) 
durations. 

During the development of these baffles, the ablative material frequently was subject to 
cracking, breaking, and delaminating. The difficulty was eliminated by increasing the 
rigidity of the metal structure to reduce deflection and elongation. Ablative material, 
although reasonably strong, does not have a high allowable elongation. 

Thermal design of ablative material follows that of ablative combustion chambers (ref. 43). 
The most important design parameter is the adiabatic wall temperature of the combustion 
environment. Since this temperature is generally low for the region near the injector face 
(sec. 2.1.4. l) ,  thinner ablative materials or longer life may be expected for baffles than for 
comparable combustion chamber walls. 
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2.7.4.3 EXPERIMENTAL EVALUATION 



ELECTROFORMED 
COPPER SHROUD n TIG 

- V O I D  
( a )  O R I G I N A L  METHOD 

LOW-TEMPERATURE 
BRAZE ALLOY /- 

GOOD CONTACT 
(b) IMPROVED METHOD 

BRAZE A L L O Y  R E S E R V O I R  

THERMOCOUPLE SHEATH P L A T E 0  ff TO IMPROVE B R A Z E  J O I N T  

(c) F I N A L  METHOD 

Figure 18. - Methods used to install thermocouples during development of baffles on F - I  engine injector. 
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The interference of baffles with normal spray development was partially circumvented in 
the case of the annular engine for the XRL by making the baffles curved and radial (fig. 7). 
In this way, the spray fans were made approximately parallel to the baffle surface, and 
direct impingement of spray on the baffles was avoided. 

Another facet of the effect of baffles on mixture-ratio uniformity arises from the hydraulic 
pressure losses associated with the baffle coolant. Two distinct effects have been observed. 
The first is caused by removal of injection orifices when baffles are installed. The propellant 
flow through the removed injector orifice is much larger than the coolant flow through the 
baffles. This relative reduction of propellant flow causes an increased flow in the injector 
orifices near the baffle, thus destroying an otherwise uniform mixture-ratio and mass 
distribution. 

The other effect is the opposite of that discussed above. When baffles are installed, coolant 
flow for the entire baffle may be drawn from the injector in only a few locations. This 
withdrawal consumes grossly more fluid at these points than would have been used 
otherwise. As a result, the adjacent orifices are starved, and mixture-ratio distributions are 
no longer uniform (ref. 1). 

Mechanical interaction effects have also caused some problems when baffles were added 
after the injector was designed. From a stability standpoint, the most serious problem that 
has arisen is that of propellant accumulation in cracks or crevices. 

During a development program, or even in field service, it  is often necessary to replace 
baffles. In most cases, replacement is very difficult because the baffles have been made 
integral with the injector. In the case of the F-1 engine with the baffles brazed to  the face, 
the only satisfactory way to replace the baffles is to physically machine the baffles from the 
injector face. New ones are rebrazed by using a braze with a lower melting point than the 
braze holding the injector rings. 

Baffles operate at a higher temperature than the injector face and thus expand more during 
hot firing. A variety of problems have been encountered because of expansion of the baffles 
(sec. 2.1.3.2). 

2.1.5.2 COMBUSTION CHAMBER 

Rigid attachment of baffles to the combustion chamber walls has been used for uncooled 
solid-wall or ablative-lined chambers, but this method is impractical for regeneratively 
cooled chambers. If the attachment method extends to the outside of the chamber (e.g., 
bolts or external coolant-supply tubes), positive seals are provided to prevent leakage (even 
in the event of baffle failure). 
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Amplitudes an order of magnitude higher occasionally are seen, but values on the order of 3 
to 5 times chamher pressure are typical. If the rating device is close to a baffle and if the 
initial blast wave can trigger much release of combustion energy from transient spray, it may 
be necessary to strengthen the baffle design. 

Fragments of a bomb’s outer case, a pulse gun’s burst diaphragm, or other explosion debris 
sometimes impact the injector, chamber walls, and baffles at high velocities and have caused 
severe shrapnel damage. The kind of damage likely to be incurred from different rating 
devices is discussed in reference 34. The kind of rating device, its size, location in the 
chamber, orientation, and the design parameters for the device itself - all affect the baffle 
damage potential, particularly with regard to seals, coolant passages, and injection orifices. 

Stability rating bombs .sometimes are most conveniently mounted on the downstream edge 
of a baffle. The baffle design may be required, therefore, to include provision for one or 
more bomb attachment provisions. Good bomb port design provides for access external to 
the chamber, so that bombs can be installed quickly and easily and the port can be easily 
freed of residual debris between tests. Electrical initiation requires lead-wire passages 
through the baffle, lead-wire seals, and external ( to the engine) access for connection to an 
initiation source. In the preferred bomb design, the lead-wire passages do not communicate 
with the combustion chamber, either before or after bomb detonation, because they may 
offer acoustic-cavity damping and thus make the stability of rating tests untypical (ref. 34). 

2.1.5.6 THRUST VECTOR CONTROL (TVC) 

The combustion gas flow in the wakes of baffles may carry appreciable transverse 
nonuniformities in composition and temperature all the way through the rocket exhaust 
nozzle. It has been shown (ref. 44) that injection of a thrust vector control jet into a baffle 
wake may produce substantially lower side thrust than does injection into neighboring 
nonwake gases. Therefore, the baffle design and TVC injection site design are coordinated to 
avoid the effects of baffle wake. 

2.2 ABSORBERS 

Although acoustic absorbers were shown to be useful in the early nineteen fifties (ref. 49, 
they were not subjected to substantial analytical and experimental investigation until 
recently. Several different types of acoustic absorbers have been effective in suppressing 
acoustic modes of combustion instability in a variety of liquid propellant rocket engines. In 
fact, acoustic absorbers currently are being used either alone or as a supplement to baffles to 
maintain stable combustion in several production engines (LM Ascent, RS-14, and XRL 
booster and sustainer). Absorbers probably will be used in several of the engines involved in 
the Space Shuttle. 
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dimensions are not necessarily small compared with a wavelength. The Helmholtz and 
quarterwave resonators are simply special cases of the generalized resonator. 

The acoustic absorber may be comprised of either a large number of resonators distributed 
along the thmst chamber wall from the injector to the beginning of nozzle convergence 
(full-length acoustic liner) or, conversely, a limited number of resonators used over a 
limited portion of the chamber (usually along the injector periphery or near the injector 
face). A typical acoustic liner configuration illustrating basic construction principles as well 
as basic nomenclature appears in figure 20 (ref. 1). 

PARTI T I  ON 

LBACKING CAVITY 

Figure 20. - Typical acoustic liner configuration (ref. 1). 

2.2.1.1 LOCATION 

The most effective location of a single-row or partial-length absorber is adjacent to  the 
injector face. In some cases, the exact location has been highly critical, whereas in other 
cases it has been less important. For example, a single-row absorber that stabilized the 
LMAE when it was adjacent to the injector was no longer effective when moved only $5 in. 
(1.27 cm) downstream (ref. 2 1). Later tests with the same hardware showed that stability 
was regained readily with a slightly larger absorber (ref. 46). Garrison (ref. 1, secs. 8.3.4 and 
8.3.5) found that the pressure amplitudes doubled when a partial-length liner adjacent to 
the injector was moved 3 in. (7.62 cm) downstream (the engine was classified as stable in 
both cases). 
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2.2.1.2 PARTITIONS 

2.2.2 Construction 

2.2.2.1 CHAMBER LINERS 

2.2.2.2 SLOTS OR ACOUSTIC CAVITIES 



BACKUP PLATE 7 ~ & ~ ; C o o L E o  

CHAMBER SHELL 
CONVECTIVELY 
COOLED NOZZLE 

RESONATOR CAVl 

ACOUSTIC 
APERTURE 

ABLATIVE MANIFOLD ( INLET)  
ABSORB I NG 
LINER 

NOZZLE COOLANT 

GE 

INJECTOR 
FLANQE 

OUTER SHELL 
NOZZLE COOLANT 
MAN I FOLD (OUTLET) 

L FILM-COOLANT INLET 

THERMOCOUPLEJ 
CONNECTOR 

Figure 21. - Chamber liner acoustic absorber assembly for 
tes t  and development (ref. 48). 

2600 TUNEO ACOUSTIC APERTURES FORME0 BY 
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COMBUSTION CHAMBER 

NO. 2 

3\- I. \ TUNEO TORUS COMPARTMENT: OUTER WALL 

. ._ ._  
(4.166 CM) 

Figure 22. - Acoustic liner design for F - I  engine (ref. 49). 
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2.2.3 Thermal Control 



ul 
w 

Figure 24. - Baffled injector with acoustic absorber slots on periphery (LMAE). 



ACOiJSTl C 
ABSOPPfR A P E A  

Figirrc 26. - Atxorbcr configuration in thc X R L  boortcr cnginc 
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lined engine (ref. 57). This effect is still not understood but may be associated with a 
convection of acoustic energy into the system by the coolant flow (ref. 58). In the case of 
the LMAE, stabilization with slot or acoustic-cavity absorbers was found to be unaffected 
by film-coolant flowrate (ref. 46). However, in the case of a development combustion 
chamber, stability decreased with increased film-coolant flowrate; the increased instability 
could be controlled by acoustic cavities (ref. 59). 

The use of ablative liners is restricted by several problems: loss of strength resulting from 
charring; changes in acoustic properties during burn (due to erosion of the apertures); and 
off-design acoustic behavior caused by changes in gas properties. Nevertheless, ablative liners 
have been tested successfully (refs. 57 and 60). 

2.2.3.1 THERMAL ANALYSIS 

Initial calculation of the gas-side heat flux to a regeneratively cooled liner usually is made 
with the simplified correlation of Bartz (ref. 38), despite the fact that this correlation is 
more nearly applicable to the nozzle portion of a rocket engine. The equation assumes that 
the gas is at the equilibrium temperature of the fully reacted gas at the appropriate bulk 
mixture ratio. Experimental results show that the predictions of the Bartz correlation may 
be low by as much as a factor of 2 or high by a factor of 3, the deviation depending on 
injector configuration and mixture ratio (refs. 14 and 61). However, in a large number of 
cases, the correlation has given satisfactory predictions of heat flux to chamber surfaces (at 
surface temperatures below 1000" F [8 11 K ]  ). 

Bartz- correlation calculations often fail to predict the reduced cooling requirements that 
result from the use of refractory materials. Measurement of the local adiabatic wall 
temperature in the combustion chamber indicates that the effective gas temperature is 
limited by the local equilibrium gas temperature (which corresponds to the local mixture 
ratio and local proportion burned) (refs. 14, 43, and 61). Therefore, the gas-to-surface 
driving force for heat transfer in the upstream portion of the chamber can be reduced by a 
factor of 2 or 3 by use of refractory coatings. 

The reduced effective gas temperature near the injector also must be considered in the 
design of ablative liners, because both char rate and erosion rate of phenolic/Refrasil are 
controlled primarily by the adiabatic wall temperature (rather than by the heat-transfer 
coefficient) at chamber pressures above 150 psi ( 1.03 MN/m2) (ref. 14). A number of recent 
analyses (refs. 36, 62, 63, and 64) permit estimation of the local adiabatic wall temperature 
near the injector. The analyses are based upon both the injector element configuration and 
the spray combustion of the propellants. Description of the propellant-spray mass and 
mixture-ratio distributions can be determined either from injector cold flows or from 
cold-flow characterization of the individual injector elements. 
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2.2.3.2 COOLING METHODS 



43). Some potential problems with ablative liners along with possible solutions are detailed 
in table Ill, which is based on material in reference 60. Maintaining the surface dimensions 

Table III. - Ablative Liner Materials: Problems and Solutions 

Potential Problem 
~~~~ 

Delamination 

Strength loss due to local ablation 

Chemical attack (oxidation environment) 

Thermal shock 

Possible Solution 

Small-angle wrap; rosette wrap 
Precharred material 

Carbonaceous materials 
Precharred materials 

Oxidation-resistant coating (Al, 0,) or reenforcing fillers 

Materials with appropriate combinations of 
High conductivity 
High ductility 
Low coefficient of thermal expansion 
High ultimate strength 

of an ablative acoustic liner (particularly the dimensions of the apertures) in order to 
maintain the acoustic properties of the liner may be a crucial factor in absorber 
effectiveness. Consequently, injectors that are compatible with an unlined chamber have, in 
some cases, been found to be unacceptable in ablative-lined chambers; in other cases, 
compatible configurations have been designed and tested (ref. 60). 

If the absorber apertures are confined to the region just downstream of the injector, the 
adiabatic wall temperature often is low enough to allow the use of refractory materials on 
uncooled surfaces (e.g., molybdenum or tungsten alloys protected by disilicide or sprayed 
ceramic coatings). A low wall temperature allowing use of coatings is more often the case if 
mixture-ratio bias is built into the injector. It should be noted, however, that the structural 
integrity of the coatings must be carefully considered. 
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2.2.4 Acoustic Damping Analysis 

Srvcral method\ h;it.c been tlc.vclopcd tind used to predict the st;ihiliiing capability of 
acotiqtic : ihorhcrs h'onr of t h e w  me  thod\ ie t i n ivmnl l~a  acccptc'd :iq clcnrly superior, despite 
the iniplicationc of some of the litcrsturc Tlicrcforc. thc dccigncr niuet assew tlie rc'lative 
merit \  of cacti before clioocing a particular nictliod Tlic Iusic purpocr of cnch method is thr 
snit h i t ,  bc'caucc* diffcwnt  awtrmptiorlr arc cmplo)+cd, thc results and corrccponding 
l u r d u x c  produced by the variouz nicthod\ oftcn diffcr siihst;intinlly. 

Onc niclliod involve? calcwlation of ;in absorption corfficirnt  for an acouztic liner or a 
"itsonator" coefficient (simi1;ir to absorption coeffisirnt)  for limited numbers of 
rc'wnntorj Anotlirr nirthod involves cnlru1;iting. from a pnrtkil stability analysic of the 
cornhitst ion c1i;inihcr. a tr~m~~or:\l-ti;iriiping-corfficierit contrihii tion The third mcthod 
involve? a conipktc  st;ihility analysie but with rcqtrictivc simplifj*ing atsuniptions 

E d  of there  methods is analytical in nnturc A fourth method is bnsed on simple 
corrc1;ttinnq of ahsorbcr confiprnt ionr ,  t1i;it have  bcen found to be adcquntc or inadequate 
in producing st:ihilit!*. 

For ench of t h r  anal>*tical methods noted above, the  acoustic impcdancc of tfir absorber is 
rcqtiircd. hlctliods of calcwlating thic impedance Z and its componrnts  R and X arc 
dcscri hcd in A pprndjs A .  

2.2.4.1 ANA LYT I C A L M E THO DS 

A h c o y t i o n  - - _- - - corfftcient - - --- _. - Thc most u.idclj' uqcd nirawrc of full-lcngth liner cffcctivencss is 
tlir ahcorption coefficient Ttiic coefficirnt. dcfiried i t<  t he  fraction of the oscillatory encrgy 
incident on a tvall thnt  ie nhcorhcd at the  u.:ill, is exprcescd ar 

4 0  

( I  +O)' + x 2  
A =  = absorption coefficient 

due  to nn nrrny of ncouctic absorber clrments 

X = acotirtic renctnncc of rcsonntor 



Z = R + iX = acoustic impedance of resonator, i = 4-1 
E = fraction of surface with acoustic impedance Z (fractional open area of absorber 

related to liner area) 

- 
p = time-averaged gas density in chamber 

c = sound speed in chamber 

Details on the use and calculation of the absorption coefficient calculation are given in 
reference 67; the methods therein are improvements over those presented in the widely used 
reference 54. 

Resonator coefficient. - The calculation and use of the resonator coefficient are described 
in reference 68. Equations for the resonator coefficient are derived for a single resonator in 
a manner similar to that used for obtaining the absorption coefficient. This coefficient was 
developed for the design of limited numbers of resonators. 

Damping coefficient. - The temporal-damping-coefficient approach is based on the 
observation that the time dependence for low- to moderate-amplitude oscillation in the 
combustion chamber is of the form 

where 
N 

P = oscillatory pressure 

aN = damping coefficient 

w, = angular frequency of oscillation 

t = time 

Subscript N denotes the mode as designated m, n, and q in equation (1). 

According to the arguments of references 21 and 69, a contribution to aN due to  the 
absorber may be adequately estimated by solving the wave equation for the combustion 
chamber (neglecting combustion, flow, and nozzle effects). Thus, the method corresponds 
to a partial stability analysis. Further description of this approach m2y be found in 
references 21,46, 58, 59,69, and 70. 
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C;~lr.trl;ition of  tlic d;iniping coefficient for a full-lciigtli lincr is simpliar than that for 
pnrtinl-li-ngtli or singli~-rou- t)'pes I f  thc acoustic impcdanec o f  tlic liner i s  acsunicd to be 
uniform. thr .  \v;ive rqr1:ition can I I ~  solvttl in a st  ra igl i t forwrd fachion Actunlly, the 
inipcdancc il; not  cntircl>* uniform, bc'~;iuee ( 1 )  t h c  1oc;il inipcd;iiicc dcpcndc on the  local 
oscil1;ition aniplit~itlc ( 8  nonlinc:lr effect) anti ( 2 )  t l i c  liner il; mntlc u p  of ;I finite nunihcr of 
holes h'onctlickss. t l i r  ascrimption o f  B uniform impcti;iriec is ti rc:ison:ihlc approsinintion 
and Ii;ic l m n  c n i p l 0 1 ~ d  for full-lciigtli liners 

For t l i i c  c x c .  soltition of the t i w e  cqu:ition t ~ y  srpnrntion o f  v:iri:ihIcs Icnds to a 
charactcrict i c  cqtl;ition i n  ternis of hotli the Ik.cscl f i i nc t ion~  for tr;inwcrcc niodce and  the 
specific acoustic inipcd:ince of the liner (f = Z/cPc.). Tlic various tcniporal damping 
corffic-icnt\ niny h i  dctctrmincd b y  solving thc  ch;ir;irtcriqtic cqu:ition for  the cornplrs 
eigcnvnluc.c: t he  rc'J pn'rt of c:ich cigcnvaluc specifics t l ic  rcconant frcqucncy and the 
im:ipinnq p;irt spccific.s tlw d;impinp rocffic*icnt for th;it modc (rcf. 69). 

0bt;i ininp a n  csprcccion for the nontiniform impctlnncc c n v  is niorc d i f f icu l t  hccnurc thc 
tvavc equntion c:innot l ~ c  solved 11y scpnr;ition of vari:il)lcc I lotvcvtr,  rcfcrcncc 7 I dcccrihcs 
a wri:if ion:il tcdiniqric t h a t  il; appropriate for tl i ic ciisc This tc~cliniqtrc h ; i q  been uzcd to 
w l c u l : i t c ~  tlic d;imping cocfficicnt for a single row or a few rot!*< of rccon:itors (refs. 21, 46, 
and S9). 

St;ibilit!. annl>.eic incliiding cffcctc o f  coniht~ct ion and flow proccws - Srvcrnl annlyscc 
dcvclopci  to- predict st,ihilit!. of an cnpinc cont;iining ;in ahso r tw  includc the effects of 
stend!, f l o ~ . ,  conitiuqtion, and tlic no771c 

- -  - - -  --- - - - _ _  _I _ _ _  

Pricm and Ricc (ref. 721 tii*vclopcd :in nn:ilysil; for fi i l l- l isngth acoustic liners including stcady 
flov,., locnli7ed comhitction (iir<\~tlicd to al l  occur ;it tlic injector fnvc), and a simplc 110771~ 
lose. Tlic liner acouctic inipcd;inrc u':is not :~llou.cd to w r y  with frcqilency. 

hlitc-hc.ll. et a1 estcndcd thc t m i c  appro:ich usrti by Piicm and Rice t o  allou. for 
pnrti:tl-l~~ngtli lincrc (rcf. 731 and distrihiltcd comhtirtion (ref. 74). 

Ohcrg. et al. (ref. 751 developed an annlysis somcwh;it siniilnr to t l int of  hlitchcll (rcf. 73), 
h i t  for slot-t!*pc a h w d m s .  

Siripinno (ref 1 ,  pp. 139-146 and 153-1 S O )  and Siiiitli (ref. 18) dcvcloped approuimntc 
st;ihility a n a l y w  t1i:it includc scver:il flow ;ind cornhuetion procczscr. including allownncc 
for an ;icouctic* a l w d v r .  Tonon (rcf. I ,  pp. 408-4 IO) IISPT the mctliod developed by 
Siripnnno a n d .  alw, result5 from an anal>+sis by CiifitrClI (ref.  5 8 )  i n  his dirciissions on 
acoustic a l w d w r  dc.cign Tlic work of  Sirignnno, Sniitli. ii1iti Tunon I t x i \  to the conclusion 
that tlic real part of tIic* itcotistic admitt;incc ( i r ivcrw of tlic in1pcd:ince) of the absorber 
sli 011 1 d hc  m nx i r n  i 72 d to m : i  t r' n i n  Y imu ni d ;i m pi ri? 
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Comparison of analytical methods. - Detailed comparisons of the stability trends predicted 
by the methods described above have not been made. However, some partial comparisons 
are discussed below. 

The methods described by Sirignano, Smith, and Tonon in the references cited above le-ad to 
expressions for the overall damping (or growth) coefficient comprising additive 
contributions. The influence of the absorber appears in one term that is proportional to the 
real part of the acoustic admittance of the absorber. Consequently, their approach is based 
on maximizing this part of the admittance. However, this entire additive term is the 
damping coefficient contribution by the absorber, the same contribution sought in the 
damping coefficient method. 

Thus, the principal .difference between these methods (Sirignano, Smith, and Tonon) and 
the damping-coefficient method is the way in which this contribution is estimated. With the 
methods of Sirignano, Smith, and Tonon, the effect of the absorber has been assumed to be 
sufficiently small that a set of approximations is valid. With the damping-coefficient method 
these approximations are not made, so that it is not necessary to verify their validity, even 
though the overall additive nature of the damping coefficient contributions probably is lost 
when the approximations are not valid. Nevertheless, the damping coefficient method 
appears superior because it relies less on the validity of the approximation. 

The methods of Sirignano, Smith, and Tonon attempt to  allow for combustion and 
steady-flow effects but use a set of simplifying approximations to obtain a tractable result. 
The methods of Priem (ref. 72), Mitchell (refs. 73 and 74),and Oberg (ref. 75) attempt to 
retain these effects with fewer assumptions. Therefore, the latter methods appear superior, 
but they are more complicated and difficult to use. If conditions are such that the additive 
result obtained b,y Sirignano, Smith, and Tonon is valid, the results from all analyses should 
be equivalent in terms of absorber configurations. 

Much of the analysis that has been done with these various methods has regarded the 
absorber impedance to be independent of frequency. However, as shown in figure 27, 
significantly different results may be obtained if the actual frequency dependence is 
included. For the calculation of frequency-dependent reactance, the liner was assumed to be 
tuned for the unlined first-tangential frequency. Note that the results of these calculations 
indicate a mode splitting that results in two “first-tangential” modes, one of which may be 
regarded as the first-tangential-first-radial mode with its frequency shifted near to that of 
the normal first-tangential mode. These results show that the lower mode would be highly 
damped at a specific acoustic resistance greater than eight. Conversely, the upper (higher 
frequency) branch is more strongly damped than the lower at specific resistance values less 
than about six. Thus six would be the optimum value to use. Figure 27 also shows that the 
optimum is underestimated by a factor of at least two when a constant-reactance value of 
zero or -3.0 is used. 
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Fig~rrr  27 - Comparison of damping  predictions for constant reartancc and 
frequmcy drppndcqt  reattancp (full.length aroustic linrr) 

Although tlis ati<orption corfficicnt mrthod is mort acc*tir;~tc' t h ; i n  might tic csprclcd 
(conridtaring thc  as\uniptions rcquircd in  its d c r i n t i o n  [ rcf 7 1 ] ) and h s  been tirrd to 
design a ntinihcr o f  swccwful  acoustic lincrs, i t  apgcnrs to h:~w stihst,iii t i n1  \ v c n k n c w s  
Tonon  (ref.  1 ,  p 4 10, ccincliidcs thnt i t \  tisc m:iy lead t o  dcTirnr th : i t  ;\re stih\t,intially Icw 
tlinn optimiim TI~L* ahsorption cocfficicnt norm:ill! is uscd in thc cicwriptinn of  rooni 
acourtics for v.wt.*lcriptli\ t1i:it iirc sniall i n  conipnr imi  with the  room dir i icnsion~ (not tlic 
caw i n  rorkct cnginc comtiliction chanihrrs) Pliillip\ (ref 4 7 )  found thca trcrid\ prcdiztcd hy  
his d;inipinc-cocftic.ic'iit ca1cul;ltions \vhc*n 0,'c > 1 to hc th19  wnir :ir tliow prcdictc4 by tlic 
a bwrpt ion cor f fi i i c n t f'o r f 111 1-11. ng t 11 linc r\ Tlic :I t imr p t i on cor f 1'1 sic n t cs h ih i t  t hc s:i ni c 
trcndc as 1111' ckinipiiig cocfficicnt if tht  l incr  r cx tancc  iq trcatcd ;I$ il conqti int (indcpcndcnt 
of  f r c q w n q . )  IIotvcwr. the liner rcnctancc is known to tic' stronpll. dcpcndcnt  on 
frcqticncy f a r  f ' i c q ~ i c n ~ - i c c  m:ir tlir rcronnn t frcqucncy As shoivn i n  fipurc 28. whcn thc  
frequency dcp*'ndcncc o f  tlic l inrr  rcactnncc i s  included in t he  darnpinp  calculation^. tlii' 

62 



1400 

1200 

- 1000 
V w In 

8 

z 
Y 

U 
U 
U 

800 

- 
- 

600 

200 

0 

SPEC1 F I  C ACOUSTI C RES1 STANCE 0 

Figure 28. - Comparison of damping predicted by absorption and damping coefficients 
(full-length acoustic liner). 

absorption-coefficient approach causes the optimum resistance to be underestimated by a 
factor of about six. Thus, the absorption-coefficient approach is less desirable for predicting 
optimum damping than is the more rigorous damping-coefficien t approach. 

The damping-coefficient method, the only other analytical method that has been used in 
hardware design, has been employed in the design of the absorbers ih the RS14, RS21, 
Lunar Module Ascent, and XRL booster and sustainer engines, all of which are production 
engines. In addition, the method has been used to design hardware for a number of 
technology programs and the three combustion chambers for the Space Shuttle Main 
Engine. This method has also been used in recent work to develop the Space Shuttle Orbit 
Maneuvering Engine (ref. 59). 

Figure 29 presents a comparison of measured and predicted stability trends for the LMAE, 
the predicted trends having been obtained with the damping-coefficient method. The 
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Figure 29. - Comparison of measrired and predicted stability trends for the LMAE 
absorbcr configrrrations (ref. 46).  

expcrinirntal results, which show the cffcctivc cavity depth and frilctionnl oprn area u 
(absorber area expressed as a frxtion of injector fiicc area) for stiihlc, unstable, and marginal 
acoustic-cavity or slot-type absorber confipmtions. w r c '  obtained in LhiAE type of 
hardware with an unh: i f f l~d injector (ref. 46). This figure s~imninri7cs results from 2.100 
motor firings with 25 convcntionnl acouqtic-cavity configurations and = 190 bomb 
distiirbnnccs The annlytical rcstilts suegcst that whcn the absorber d;imping cxcccdc some 
levcl (the expcrin1rnt;il data sugccst Q 2 600 scc- I ) ,  the combustion shoultl be stable. 
Clearly, the expcrimrnt:il rcsiilts d o  110 completely follow the predicted pattcrn; 
nevertheless. the qzrccmcnt is sufficient to justify continued iisc of the mcthod No similar 
comparison for other absorber types or ann1ytic;il mcthodc is available. 

Optimi7ation of t11c dmiping for a pnrticulnr app1ic;ltion milst be governed by the  need5 of 
that application Oftcn, nin~iniiini dnniping is rcquircd; howcvcr, if multiple instability 
niodcs havc been  experienced or arc csprctcd. a coniproniicc is oftcn rcqiiircd At tinics, 
absorbers dcsigncd to eliminntc onc mod<* h;ivc rcniovcd tli;it  niodc hut a IICU' mode 
occurred (ref 76); thus. mnuirtitini ovrr:ill d;iniping for a scrics of niodcs is oftcn required. 
For an  acoustic liner, i t  113s l m n  suggcstcd th;it thc optimum oprn ilrcn i s  the a w n  that 
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results in the maximum absorption coefficient with the widest bandwidth (ref. 1, secs. 8.3.4 
and 8.3.5). 

It is also desirable to include temperature sensitivity in the optimization, because the 
temperatures in the absorber usually vary greatly. 

For a volume-limited system, maximum damping is not necessarily obtained when the 
resonant frequency of a liner is equal to the frequency of the instability (ref. 69). Thus, in 
this case, the liner open-area fraction is optimized on a damping basis rather than on a 
tuning or resonant frequency basis. 

2.2.4.2 EXPERIENCE GUIDELINES 

Successful absorbers can be designed on the basis of available experience without the use of 
analytical design methods. For example, figure 29 indicates that a slot-type absorber with an 
open area of about 15 percent or greater and roughly the proper depth will stabilize the 
LMAE. The use of such simple guidelines has led to working designs. 

McMillion and Nestlerode (ref. 77) have developed similar guidelines by summarizing and 
correlating much of the available experience with acoustic absorbers. The summaries are 
shown in tables IVA and IVB , and the correlations are shown in figures 30 and 3 1. These 
tables and figures have been revised from those presented in reference 77 in order to reflect 
the results of a recent review of the original data sources. Some of the information has been 
changed to incorporate necessary corrections, but the overall conclusions presented in 
reference 77 remain unchanged. The results indicate that stability can be obtained if 0, the 
fractional open area of the absorber, exceeds the value 3/P, where f is the frequency of the 
mode being suppressed. 

2.2.4.3 DESIGN PRESSURE AMPLITUDE 

Some uncertainty and confusion exists concerning the amplitude of the oscillatory pressure 
for which an absorber should be designed. Because of impedance nonlinearities, predicted 
damping varies with amplitude. Most early liner calculations were made with an arbitrarily 
assumed “incident” amplitude of 190 decibels. The incident amplitude was assumed to be 
half the local amplitude; thus, the 190-decibel level corresponds to a local amplitude of 56 
psi (386 kN/m2 ) peak-to-peak. 

It is unreasonable to design an absorber for peak-to-peak amplitudes less than a few percent 
of chamber pressure. For amplitudes greater than 20 percent of chamber pressure, the 
validity of the acoustic equations becomes questionable. Thus, peak-to-peak oscillation of 20 
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Table IVB. - Summary of Absorber Effectiveness in Operational and Development Engines - Part II* 

[Modified from table 1 in ref. 771 

ibsorber Program(’) 

5 1 

SRL Booster(4) 

1-2 (basic) 

tocketdyne-LMA 
unbaffled) 

YRL Sustainer(’) 

:Lox/LPG 

YRL Booster(4) 

Rocketdyne-LMA(’) 
(baffled) 

Rs-  1412 1 

Dominant Instability 
Without Absorber 

Frequency, Hz 

*Work mnducted at Rocketdyne Div.. Rockwcll International Corp. 
(1).(2).(3))See footnotes(l),(Z),and(3) for Part I 
(4)Annular combustion chamber with four radially directed baffles 
(5)Throttleable pintle-type injector 

500 

1300 

1800 

3500 to 4500 

4000 

4600 
4600 
8700 

5000 

5000 
8300 

6500 

7000 

9500 

Mode(’ 

IT 

Feed system 
coupled 

IT 

‘T 
IT 

1T 

4T 
4T 
7r 

IT, d’) 

IT, w 
IT, h 

IT 

lR, 3T 

Absorber 
Effectiveness( ) 

No (IT) 

NO (1300 HZ) 

No (IT) 

No (IT) 
Marginal (1T) 

Yes (IT) 

Marginal (IT) 

Marginal (IT) 

Yes (4T) 
Yes (4T) 
Yes (7T) 

Marginal ( lT, w) 

Marginal (IT, w) 
Marginal (IT, h) 

Yes (IT) 

Yes ( lR,  3T) 

Yes (1T) 

Fractional 
Open Area a, 

percent 

5.7 

0.7 

5.0 

4.6 
9.3 

18.5 

10.0 

12.5 

4.5 
6.0 
1.4 

10.7 

10.7 

8.0 

4.6 

7.0 

Injector 
Pattern 

Like doublet 

Unlike doubler 

Coaxial 

Unlike doublet 

t 
Unlike doublet 
(pintle) 

Unlike 4 on 1 

Unlike doublet 

I 
Unlike doublet 

Like doublet 
! 

Like and unlik 
doublet (pinth 

Unlike double1 

Unlike double 

(6)Rectangular combustion chamber 
(’)Transverse modes in height (h) or width (w) directions 
(‘)Acronym for flexible energy management; see ref. 85 

(’)Injector had three equally spaced radial baffles. 

Propellants 

LO2 /RP-I 

IRFNAIUDMH 

LO2 ILHz 

N2 0, /SO-SO 

t 
IRFNAIUDMH 

FLOXILF’G 

IRFNAIUDMH 

1 

ClFS IMHF-I 

N,0,/5@50 

Comments 

:ombined feed system and 
:hamber mode 

h t a b l e  without absorber 

Harginal to unstable at 3500 to 
1500 Hz without absorber. 
3ccasional3500 Hz with ab- 
iorber 

Unstable without absorber 
Papid burning pattern 

Unstable without absorber 

Very fast burning patterns - 
small injection orifices (0.020”) 

Unstable with unlike pattern 
and no absorber 

Unstable without absorber 

5% ofpulse firings unstable 
without absorber 
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percent of chamber pressure has been used for some design calculations (refs. 21 and 69). 
However, best agreement between measured stability and predicted trends has been 
obtained for amplitudes ~ 9 0  percent of chamber pressure (refs. 46 and 59). 

2.2.4.4 BANDWIDTH 

In the usual sense, bandwidth refers to  frequency range over which an absorber is effective. 
A related characteristic is the temperature range over which an absorber is effective. 
Generally, it is considered desirable that an absorber design have sufficient bandwidth to 
damp all instability modes that might occur. Similarly, it is desirable that the absorber have 
sufficient damping over the entire temperature range that the absorber might experience. 
However, there is some danger that overall damping will be sacrificed in favor of bandwidth 
to the extent the absorber will not be adequate in any range. 

The bandwidth characteristics of Helmholtz and intermediate resonators tend to be better 
than those of quarterwave resonators. Very good bandwidth can be obtained from 
Helmholtz resonators by adjusting the relative resonator dimensions (particularly, short 
aperture lengths), but at the expense of greater total resonator volume. Another way of 
getting good bandwidth is to use several absorbers, each tuned to  a different frequency. 

An interesting case of an absorber designed for several acoustic frequencies is reported for 
the Lance booster engine (ref. 86). An absorber that was effective over the frequency range 
4000 to 9000 Hz was obtained with a sequence of absorbers for which predicted damping 
coefficients are shown in figure 32. The initial absorber (config. 1) suppressed the principal 
instability mode at 4600 Hz, but oscillation in the range of 7000 to 9000 Hz persisted. 
Therefore, approximately one-fourth of the resonators were retuned to give more damping 
at the higher frequency (config. 2), some improvement in stability resulting. Subsequently, 
the absorber was enlarged (open area and cavity size were increased) and tailored by 
analytical techniques for broad bandwidth. The latter configuration incorporating a single 
resonator size (config. 3) was successful. 

2.2.4.5 HOT-FIRING MEASUREMENTS 

In several programs (refs. 21, 47, 49, 67, 69, and 82), oscillatory pressure in the acoustic 
absorber was measured in order to determine, insofar as possible, the acoustic impedance 
that actually existed during test firings of an engine; related measurements were made by 
Crocco, et al. (ref. 19). The technique is essentially that described by Sivian (ref. 87). With 
this technique, oscillatory pressure measurements are made at the open end and at the 
closed end of the absorber. These data are used to infer the absorber impedance. Although 
results from these measurements tend to be widely scattered because of difficulties in 
making the appropriate measurements, they tend to correlate with the cold-flow results 
discussed in Appendix A. The technique provides data ultimately useful for design purposes 
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In the design of quarterwave-type absorbers, the use of measured absorber temperatures, 
assumed to be representative of the absorber gas temperature (ignoring temperature 
gradients), often may be interpreted to indicate improper absorber tuning when the 
absorber is clearly suppressing an instability. The reason for this discrepancy is not known, 
but it may be caused by measurement errors resulting from chemical reaction on the surface 
of the thermocouple used for the measurement. 

Temperature data from acoustic liner test firings with LOXILH, may be found in references 
48, 82, and 88. Temperature data from test firings with quarterwave-type absorbers and the 
LOX/LH, propellant combination may be found in reference %9. Similar data from 
LOX/RP-l test firings may be found in references 49 and 55, and data from N,o4/50:50 
propellant combination appear in references 21, 47, and 53. Temperature data from 
quarterwave-type absorbers with the N2 O4 /50:50 and N204  /MMH propellant combinations 
are given in reference 2 1 ; typical data from these measurements are shown in figures 33 and 
34. These data are reasonably reproducible from run to run and are different for different 
configurations. Some degree of temperature control can be exercised by purging the 
absorber with cold gas (ref. 47). 

Gas sampling has been used to determine the gas composition within the absorber (an 
important measurement for design calculations). Garrison (ref. 1, secs. 8.3.4 and 8.3.5) used 
a sampling technique for ablative liners. Sampling measurements were made in the absorbers 
in the F-1 and LM Ascent engines (refs. 49 and 90) and in the quarterwave absorbers of a 
LOX/LH2 engine (ref. 89). Phillips (ref. 82) employed gas sampling in his work with the 
LOX/LH, propellant combination. In each of these cases, the gas composition was found to 
reflect the gas composition along the chamber wall. Pressure probes were used in the F-1 
engine to measure local gas velocity (ref. 49). 

Measurement of gas temperature and composition in the resonator is essential for accurate 
determination of sound speeds and densities necessary for liner design. 
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3. DESIGN CRITERIA and 

Recommended Practices 

3.1 BAFFLES 

3.1 .I Combustion Chamber Acoustics 

The probable acoustic modes of the combustion chamber shall be known before 
baffle design is initiated. 

A simple acoustic analysis should be made for the chamber. The procedures for this analysis 
are outlined in section 2.1 . l .  Even for complicated chamber geometries with baffles, this 
simple analysis is recommended as a starting point, but if the chamber is very large or 
digresses considerably from simple cylindrical or annular shape, acoustic-model tests should 
be made. These tests should determine the frequencies of the instabilities that may occur. 
High-amplitude testing with the model can determine effect of baffles (or absorbers) on the 
damping rate of the chamber. During the testing with these acoustic models, care should be 
taken to assure that the proper equipment and techniques are used to prevent spurious 
effects and inaccurate results (ref. 9 1). 

As an alternate to model testing, the acoustic analysis described in reference 2 should be 
considered. 

3.1.2 Baffle Geometry 

3.1.2.1 TRANSVERSE COMPARTMENT DIMENSIONS 

Baffle spacing in the transverse dimension shall prevent sustained transverse 
oscillations in the compartments. 

When the chamber and injector are very similar to those of a proven design, the baffle 
compartments should be sized from experience with that proven engine. However, it should 
be kept in mind that even small changes in injector pattern, hole size, and fluid velocity may 
make radical changes in stability and thus may require changes in baffle comgartment size. 
A change in propellants is not an important change per se, but because the physical 
properties of propellants differ, a propellant change usually results in changes in other 
parameters (e.g., injection velocity) that must be taken into account. 
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3.1.2.2 BAFFLE LENGTH 
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Figure 35. - Baffle length related to axial location of maximum rate of combustion. 

As in the case of baffle compartment size, empirical correlations are recommended only if 
injector and chamber are very similar to a proven design. 

Finally, experimental verification of the adequacy of the baffle length is recommended (sec. 
3.1.2.4). 

3.1.2.3 CON F I GU RATION 

The baffle configuration shall prevent interaction of  the acoustic modes of  the 
chamber and the modes in the injector feed passage. 

Possible acoustic modes in the hydraulic side of the injector should be calculated, and 
pressure nodes located (ref. 1). If these possible nodes are similar to possible nodes in the 
combustion chamber, it is recommended that a baffle not be placed in a location that would 
be a pressure node in the feed system. Thus, baffles should be designed to straddle such 
possible node locations as the injector dome inlet, main ring groove passages, and other 
passages or passage endings. It is further recommended that, since most hydraulic systems 
are symmetrical and consist of 2, 4, 6. 8, etc. symmetrical portions, an odd number of 
baffles should be used. 

Hub-and-spoke baffle configurations should be used unless severe interaction problems are 
encountered. 
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3.1.2.3.1 Profile 

I n  wr)’ sn1:ill chanihcrc (1) < 4 i n  I I0 cni) ), i t  mny he pcrmizsit~lc to  UFC only bnfflc tabs 
(fir 8 )  to prevent t;inccnti:il oscill;itorj* g:is motion on tlic periphery of tlic chnmbcr. 

Sp;iccs no more th:!n 0.010 i n  (0.254 mrii9 thick m:iy be ailowed bctwccn a baffle and the 
injcc-tor or ch;imhcr  ill An ;rtt,ichriicnt slioiild beg  c;irrftill)‘ dzsirned to avoid ( 1)  crwiccq 
tvlicrc. unrc:ictctl propcll.irit\ m:iy acciimirl;itc and pnssihly dcton:ltc and ( 2 )  narrow crack5 
t k i t  ma!* allou’ crosivc owil1,itor). hot-giz flow through tlicni 

3.1.2.3.2 Cross Section 

3.1.2.4 DESIGN CONFIRMATION AND RATING 

For dcrirns of Ion confidcncc* Icvcl, hot f i r in? coitplcti with ;I stability rating device should 
hc I I  zcd to scqlr c 11 t i :ill! d t rni i ne- ni i ri i i iit  i 111 1x1 fflc IC n y t Ii . 111 ;1 Y im 11 m h : ~  f flc coni p art m en t 
dimrnzion. arid l l i c  intc*r,ictirrn of thaw ciimcn<ions Even if the confidence in the stability 
annlyqis is Io~t.. (lie* ;iii;il>.\i\ sliottlrl bc t i w d  in  conccrt with tlic hot-firinp t N c  to rcdticc 
co z t \ and 111 i n i ni i I c rc  q I I i r c.ti t C, \ t i nr 
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(3) 

(4) 

Dynamic stability requirements should be specified at the onset of the engine 
development program in the initial engine model specification. 

Stability demonstration requirements for development, qualification, and 
production should be specified at the onset of the development program. 

A detailed stability history should be maintained throughout the entire 
development program. The stability history from initial feasibility and 
development testing will provide the basis for the specific demonstration 
requirements for the qualification test series. 

Potential injector designs and patterns should be evaluated with respect to 
dynamic stability characteristics as soon as the injectors become available for 
testing. Stability testing should be accomplished as parasite tests during early 
component and engine testing to obtain maximum testing at minimum cost. 
Various techniques for artificially inducing combustion instability should be tried. 
Initial stability testing should explore the stability margin of candidate designs. At 
this stage, marginally stable designs should be scrutinized for means to increase 
their stability margin. Subject to overall development considerations, the designs 
with the greatest stability margin should be selected for further development. 

Stability testing during extended development should be conducted to 
demonstrate that the preferred combustion-chamber design meets the specified 
stability requirements and has an adequate design margin. The majority of the 
tests should be conducted with the most effective rating device at the most 
sensitive location. 

Qualification and subsequent stability testing should be minimal and conducted 
only to provide confidence that some unknown production factors or minor 
hardware changes have not reduced the stability margin of the production engine 
below specification levels. Engine-to-engine variability requires that several 
engines be tested to establish a confidence level for the design. Engines with 
different accumulations of test time should be tested to determine whether engine 
stability degrades with time. 

Engines designed for other purposes should also be stability rated, but the extent and 
requirements of the rating program should not be as strict as those for man-rated systems. 

Either a bomb mounted inside the combustion chamber or a pulse gun mounted on the 
periphery of the combustion chamber should be chosen as a stability rating device. 
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3.1.3 Structural and Mechanical Design 

3.1.3.1 MATERIAL SELECTiON 

OFIIC copper and alumintim alloys arc suit;rhle~ h:ifflc ni:itcrial< for I I W  u i t l i  c r y o y n i c  
p r o p c l l m t ~  and stornhlc propcl1,mts. rcspcctivcly. For short firinc5, thc tisc of 
refractory-contcd txifflcc or composite Lxifflcs H'itl! an ahht ivc outer Iaycr slioiilrl bc 
considewd Any nintcrialc 0 t h  th,m thosc usrd prcvioudy in similar scnicc. shotlld bc 
tested carrftill~. for c1icmic;il. strtictiirnl. and tlirrninl siiit:rhility, with both comhurtion gnsrr 
and raw propcl1:intc and with careful attention to rnginc duty cycle. \\l'liatcvcr nintcrinl i q  

selcctrd. inspcction and qu:ility control nirnstircc shoi~lti br adcqu:itc to cnqiirc t h ~ t  thc 
nintcrial docs; not dcvin tc  froni spccifications 

3.1.3.2 S T R E S E S  

3.1.3.2.1 Thermal Stresses 

I f  hafflc< arc to hc \ ~ l c l c d  or br:17rd to t h r  injrctor fiicr, the bnfflc ni:Itcri:il should f i ; i v ~  a 
cocfficirnt of thcrmnl cxpnnqion slightly lower thnn that of tlic injector kicr. Tlic 
rccommrndcd practicc iq to niakc the hnfflcs intcFral with the injector. Othcr  practiccs to 
avoid p c r m n c n t  distortion includc additional film or ni is t t i rc-rat io-~i : i~ cooling near the 
bnfflcs and good intcrn:il baffle cooling For instancc, rcgcncrativcl>* cooled bafflcs h:ivt* 

shown incrcnvd cooling ciipnhility ovcr dump-coolcd biifflcs. Thc improvcd cooling h x  not  
inctrrrcd t h e  prrformnncc pcn:ilt>. that  wotiIc1 restilt froni exccssivc dtlmpinp of b;ifflc 
coo1:int doitmtrcnni o f  the  kifflc 

Sonic bnftlc diTtortion u.otild appcnr to br incvitahlc far long-dtrration and rcpcstcd firing<. 
but the es tcn t  can be controlled by hnfflc cooling 

3.1.3.2.2 Dynamic Stresses 

Prcwnt  csccssivc. dynamic londc duc to ignition transicnts by locating at lenqt one ignition 
soiircc in each bnfflc cornp:irtmcnt Even u.ith thiq prccntr tion, reprntcd starts can result in 
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permanent baffle distortion. Therefore, the expected lifetime or number of restarts should 
be considered in the stress calculations. In the case of stability rating devices (e.g., bombs or 
pulse guns), dynamic overpressures up to five times the steady-state chamber pressure may 
be expected. Repeated pulsing as well as restarting can cause baffle distortion to become 
significant and should be considered in the structural design. 

3.1.3.3 ATTACHMENT 

Effects of baffle thermal expansion shall not cause failure of the injector or the 
injector f ba f f le  joint. 

During repeated engine firings, the baffle tip must be cooled sufficiently (sec. 3.1.4) to 
prevent compression beyond the elastic limit during firing if the baffles are rigidly attached 
(i.e., brazed, integral, or welded) to the injector. 

3.1.4 Thermal Control 

3.1.4.1 ANALYTICAL BASIS 

Analytical studies shall accurately predict the thermal and chemical environment 
surrounding the baffles near the injector face. 

The adiabatic wall temperatures, gas mixture ratios: and liquid propellant splashing on the 
baffles as a function of position should be determined by an analysis similar to that in 
reference 14. This analysis gives an accurate estimate of propellant and gas velocity vectors, 
gas mixture ratios, and percent of propellants burned. Injector locations, angles, and orifice 
sizes; propellant velocities; and propellant properties must be known to obtain the required 
data. 

The calculated adiabatic wall temperature coupled with a heat-transfer coefficient calculated 
either from the simplified methods of Bartz (ref. 38) or the more accurate methods of Hines 
(ref. 36) should be used to obtain the heat transfer to the baffles. This heat-transfer analysis 
forms the boundary conditions and the starting point for subsequent internal thermal 
analysis of the baffles. 

If the analysis indicates severe mixture-ratio inhomogeneities, chemical corrosion of the 
baffles by highly oxidizer-rich combustion gases at local areas should be prevented either by 
modifying the injection characteristics or by introducing film coolant. 
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3.1.4.2 COOLING METHODS 



3.1.4.3 EXPERIMENTAL EVALUATION 

Experimental methods shall provide data adequate for evaluation of the 
effectiveness of thermal control. 

During hot firing, observe discoloration pattern, surface pitting or melting, erosion, peeling 
of coatings or ablative materials, cracked braze joints, and other evidence of inadequate 
cooling. These occurrences point out the need for corrective baffle cooling measures. 

When insufficient cooling is suspected at a particular position on the baffles, measurements 
of local surface temperature, heat flux, or overall heat input should be made to assess 
quantitatively the problem of baffle overheating. These measurements should be integrated 
closely with an analysis effort such as that discussed in section 3. I .4.1. 

3.1.5 Baff le/Engine Interactions 

3.1.5.1 INJECTOR 

Baffles shall not interact with injected propellants to cause low performance, 
overheating, or accumulation of unburned propellants. 

Baffle design should be an integral part of the manifold/injector design. To minimize the 
effect of baffles on uniformity of distribution of mass and mixture ratio across the injector 
face, the number, thickness, and length of baffles should be minimized. Further, the 
techniques outlined in section 2.1.5.1 should be used to prevent nonuniformities in 
mix ture-ratio and mass distribution. Propellants splashing against the baffles can also cause 
low performance and should be avoided by placement of baffles away from spray fans. 

When baffles are dump or regeneratively cooled, make sure that the removal of the coolant 
from the injector manifold does not affect (starve) the adjacent injection ports. Similarly, 
the injection of film coolant for the baffles must be such that it creates minimum 
perturbation in the overall injection spray pattern. Dump cooling of baffles can also 
adversely affect the overall mixture-ratio distribution in the region of the baffles. Therefore, 
the sprays adjacent to the baffles must attempt to level the effect of the coolant dumped 
from the baffles. 
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3.1.5.2 COMBUSTION CHAMBER 

3.1.5.3 IGNITION 

3.1 5 .4  STABLE OPERATION 

3.1.5.5 STABILITY RATING DEVICE 



The baffles should be sufficiently strong to withstand the overpressures generated by the 
combustion-stability rating devices. If the stability rating device is to be mounted to the 
baffle, easy access (from outside the chamber) to the mounting point and, if electrical 
initiation is to be used, access to the actuating wires must be provided. 

Whatever type of rating device is used, it is essential that the baffle configuration not be 
changed by the rating device; for example, extra openings caused by exposed lead-wire ports 
may act as acoustic absorbers that make the chamber more stable than one without the 
lead-wire port. 

3.1.5.6 THRUST VECTOR CONTROL (TVC) 

The baffles shall not interfere with normal operation of the thrust vector control 
system. 

The design of baffles and TVC injection sites should be coordinated. The TVC injection site 
should be located away from the wakes of combustion chamber baffles. 

3.2 ABSORBERS 

3.2.1 Configuration 

3.2.1.1 LOCATION 

The location of the acoustic absorber shall provide optimum damping. 

In most cases, maximum damping can be obtained by locating the acoustic absorber as close 
to the injector face as possible. This rule holds for partial chamber acoustic liners as well as 
for acoustic slots. In all cases the absorber should be as short as possible consistent with 
adequate damping. 

3.2.1.2 PARTITIONS 

Acoustic absorber partitions shall provide structural support for  the absorber and 
prevent hot-gas circulation within it. 

To maintain structural integrity, support acoustic liner inserts in cylindrical chambers by 
partitions located between the chamber wall and the insert. The number and location of 
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3.2.2 Construction 

3.2.2.1 CHAMBER LINERS 

3.2.2.2 SLOTS OR ACOUSTIC CAVITIES 



3.2.3 Thermal Control 

3.2.3.2 COOLING METHODS 

The thermal analysis shall-accurately predict heat loads on the acoustic absorber. 

Calculations of local heat flux should be made with analyses based on both the injector 
element configuration and the combustion pattern resulting from the propellant spray 
distribution (refs. 36, 52, 53, and 63). 

3.2.3.2 COOLING METHOD 

The cooling method shall enable the acoustic absorber to withstand chamber heat 
loads without loss of damping properties. 

In general, acoustic absorbers can be designed to withstand chamber heat loads by 
employing cooling methods such as those used for the design of combustion chambers and 
injectors (refs. 52 and 92). In particular, acoustic-absorber cooling requirements can be 
reduced by making use of existing combustion-chamber cooling capabilities (e.g., swedge 
apertures between tubes in regeneratively cooled thrust chambers); avoiding regions of 
extremely high heat flux (e.g., the nozzle region); and locating the absorber in regions of 
low heat flux (e.g., the injector region). The last two recommendations suggest the use of 
short absorbers located adjacent to the injector face. If the absorber is short enough and the 
heat flux in the injection region low enough, then the required cooling can be obtained 
through the use of refractory metal coatings on the absorbers. Test results (ref. 60) indicate 
that acceptable acoustic-liner cooling can be achieved by combining film cooling with either 
regenerative cooling, transpiration cooling, ablative materials, or high-melting-point metals. 

If either film or transpiration cooling is used, care must be taken to avoid coolant flow into 
the cavities; for example, cant the absorber apertures downstream. Liquid accumulation 
could both reduce the damping of the absorber and cause an explosion in the absorber 
cavity. If ablatively cooled absorbers are used, erosion of the aperture entrances must be 
considered, because such erosion could reduce the absorber damping (ref. 60). Special 
materials might be needed in this region. 
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3.2.4 Acoustic Damping Analysis 

3.2.4.7 ANALYTICAL METHODS 

Tile ahcorhcr dmpinF coefficient can be optimi;rcd witlioiit tuning to the frcq~rcncy of 
instahitit!*. Sincr nrw climiihtr rcsonnnrcs can occur wi th  tlic ahsorhcr present and sincc 
tcnipcr:\turc wriatinnc climgc tuning of thc nhsorher. the ahvx1w.r dmpinn, cocfficicnt is 
the  critic:il dcsicn pnr;imrtc*r. Thcrcforc. thc absorber oprri arcn ciin be mndc to providc 
optimum d;iniping rathcr t h m  exact tuning 

The d;rmpinF corfficicnt for  an acolirtic ahsorbcr can bc calctrl;ttc*ci by the methods 
dcscrihtd in section 2.2.4. I .  Altfiotigti thz ahsorption coefficient is casipr to calculate (and 
can b e  t iwd for prclirninarj. dcr,icn). tlic dmipinp cocffic-icnt is tlic bcttcr rncnwrc of 
ahsorlxr stahi1i;rat inn 

Althouph rcstilt\ of tlic d:impinF-rorfficient c;ilciil:itions providc no absolutc menwrc of 
ahsorhcr perfnrmancc, il rcavmnhlc value for Q should lic i n  tlw ranpc IO0 to 1000 scc-'. 
The decision in t h i z  ranpc must rcs? on licilristic evaluation of ttic "scntitivity" of thc 
instnhilit!. (qt~:ilit;itivcly indicxtcd hy damngc, pressure amplitildc, frcqurncp of occuncnce, 
rating dcvicc. si7c rcquircd to initi;ttc, growth rate, etc.). 

Tlic cn!rul;ition of ilbsorption"d;impinff cocfficicntc should be bnscd on t t ic calculntcd 
ahsorhrr acoustic irnpcdmcc Tiic ovcr;ill sirrf;icc acouztic inipcdancc can be calculntcd ar, an 
arca-u*riphtc*d avcr;igc by thz mcthndz givcn in  Appendiv A .  OnI)p i f  dirnensions of thc 
rrsonntors arr  smnli compnrcd with n wnvclcngtll mny thr siniplc cavity impcdnncc and 
apcrturc rcact.incc bc i ~ w l  Cdcii1;itions of aperture rcsist;incc should bc bawd on thc 
m:i'iiniuni osrill.itory vclocity in  thc :ipcrtiirc. 'These calcul:itionr, also include the effects of 
cross and tlirouch flows 

3.2.4.2 EXPERIENCE GUIDELINES 

Empirical results silc-ti as thnsr prcsrntcd in  fipurc 29 and i n  section 2.2.4.2 show that a 
minimtrm aprn arc:) of thc i l l ~ ~ o r h ~ r  ncccswy to achieve st:thilit>* is oftcn found when the 
availahlc dat;, arc awrnh1c.d and  stirdicd. I t  i5  recommrndcd that this proccdurc, baccd on 
dcmonqtrn tzti  n 1 w - h - r  tffcctiwness in producing stnhility, be itsrd whcncvcr posciblc to 



determine minimum open area and/or absorber damping coefficient required for stability. 
To enhance the likelihood of successful design on this basis, the designer should exploit 
every opportunity with new test, development, and production engines to enlarge the store 
of knowledge presented in tables IVA and IVB and in figures 29,30 ,  and 3 1. 

3.2.4.3 DESIGN PRESSURE AMPLITUDE 

Acoustic-absorber design calculations shall be based on oscillatory pressure 
amplitudes that are related to the steady-state chamber pressure. 

Calculations of damping coefficient for an acoustic absorber should assume overpressure 
amplitudes 10 to 100 percent of the steady-state chamber pressure. The use of arbitrary, 
all-purpose pressure amplitudes for design calculations is not recommended, since they 
represent negligible disturbances at high chamber pressures and nonlinear, nonacoustic 
disturbances at low chamber pressures. 

3.2.4.4 BANDWIDTH 

Acoustic absorbers shall have acceptable side-damping bandwidth. 

The frequency range over which an acoustic absorber provides effective damping can be 
optimized (consistent with structural, spatial, and thermal limitations) by methods 
described previously. Care must be taken so that effective damping at the primary frequency 
of instability is not sacrificed. 
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APPENDIX A 

CALCULATION OF ACOUSTIC IMPEDANCE 

The acoustic impedance of a surface is given by 
N 

where, as before, i = Jq and 

Z = acoustic impedance 

Y = acoustic admittance 

R = acoustic resistance 

X = acoustic reactance 

P = oscillatory pressure 

x? 
u = oscillatory velocity 

N 

+ n = outwardly directed unit normal vector * 

An alternate definition of Z is used by Tonon (ref. I ,  1'. 408). 

Generally, the acoustic impedance is a function of both position and frequency. For 
simplicity, however, it is often assumed to be constant over some region of space. At high 
amplitudes, the acoustic resistance R is strongly dependent on the local pressure amplitude, 
but the reactance X is weakly dependent. 

Calculations of absorber impedance (especially for acoustic liners) usually are based on an 
area-weighted average acoustic impedance given by 
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Z,, = t he  avcragc siirfacc inipcd;iricc 

E ,  = the friictiori of the stirface with imprdmcc Z, 

( 1  - E ,  ) = the fraction of the surface with iniprdmcc 2, 

For m a n y  ca1cul;itionq. sprcific*all>. calc*iilation of absorption coefficient (cq. ( 1 I ) ) ,  Z,,, and 
Z arc tnkcn a5 t h c  snrtic. 

F5qunrion (A-2) holdc for absorhcr elements ivhosr scpnrntion is sninll comparcd with the 
wnvcIengtIi X (spacing ICSS t h m  X/(25;)", according to Ingnrd (ref. 93)). 

Fxliintion ( A - I )  pcncr:illy is used for acoustic liners (with the assumption Z 2  >> Z!).  For 
iiiorc t h n n  two kindc of absorber clcnicnts, cquntion (A-2) can bc gcncralizcd to 

(A-3) 

n = nwnher of diffcrcnt types of a t m r h c r  clcmcnts 

E ,  = fraction of siirfacr occupicd by tlir i'" typc of absorber clcmcnt 

Zi = iniprdnncc of t ~ i c  i f h  type of absorbcr cIcmcnt 

The spncing hctwcn rnch  type of clcnient should be less thnn X/(2n)" 

TH'O kindc  of fractional a r m  h3t.c been cniploycd in  lincr calctilations: onc, E, o a q l  on thc 
total cfinnit3cr-sidc surfnce area. and thc other, a. bawd on the cavit)f-sidc surface area (a is 
dcfincd a$ (aperture arca)'(rcsonator arm)).  The chnrnhcr-side bn47 E is thc appropriate one 
for calculatinp the lincr imprdancc sincc, without changing either the open area of thc 
rcsonntor or the na tu ra l  rc'vmmt frequency, the intcrnnl cavity arc3 cotild be varicd to give 
a value for a wry near 7cro or onr 

Thc acouqtic imped;incc of an ahsorhcr elrnicnt itsclf can, particulnrly in the case of a 
Hclniholt7 rcsonntor, be approsiriiatcd by 
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where 

Z, = cavity acoustic impedance = R, + iX, 

Z, = aperture acoustic impedance = RA + iX, 

R, = cavity acoustic resistance 

X ,  = cavity acoustic reactance 

R A  = aperture acoustic resistance 

X, = aperture acoustic reactance 

A. 1 CAVITY ACOUSTIC IMPEDANCE 

The impedance of a simple resonator cavity alone (region Vc in fig. A-1) is purely reactive 
(i.e., Rc = 0) and is given by the well-known expression 

Figure A-1. - 

YC 'C 
Z, = iX, = - i 

OVC 

Sketch illustrating parameters involved in calculation of 
impedance (adapted from ref. 1).  

acoustic 
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(A-6) 

I.,. = cavity dcptli 

c,. = ismtropic s p w d  of sound in  flic cavity = 



resonator cavity is different from that given in equation (A-6), because the length of the 
cavity in the annular direction is not small compared to a wavelength. A suitable expression 
is easily obtained by solving the wave equation with boundary condtions for the annular 
cavity. Since the thickness of the cavityusually is small, the Bessel function expression that 
results can be reduced by a Taylor-series expansion around the outer radius to  give 

ZC -1 
o A c  Ar (A-7) 

where 

A, = aperture cross-sectional area (per aperture) 

A, = cavity cross-sectional area (per aperture) 

Ar = radial depth of resonator cavity 

ro = radius of outer shell of resonator cavity 

m = angular index of the mode excited in the main chamber 

Equation (A-7) reduces to  equation (A-5) if m = 0, a radial or longitudinal mode. Also, 
equation (A-7) is valid only if the radial cavity dimension Ar is small compared with the 
wavelength. 

A.2 APERTURE ACOUSTIC IMPEDANCE 

Acoustic resistance. - The resistance of absorber elements is affected substantially by both 
the local pressure amplitude and the steady-flow environment. In the amplitude range of 
interest for absorber design, the resistance of Helmholtz and quarterwave resonators is 
dominated by high-amplitude effects, the viscous losses generally being negligible in 
comparison. 

The high-amplitude acoustic resistance of acoustic resonators often may be adequately 
expressed as 

.(A-8) 
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1' = 0.371'(': (A-9) 

(A-  I O )  

( A - I  I )  



where M, is Mach number of the steady flow past the orifice and &(u = o)  is the no-flow 
aperture resistance. This expression is based on data obtained in the range 0.05 < M, < 
0.25. Phillips’ results (ref. 100) appear to obey a similar relationship with a somewhat 
greater slope. 

Garrison (ref. 48) also measured the aperture resistance with simultaneous through and cross 
flows. He concluded the resistance was dominated by the through-flow effect and was 
adequately described by the through-flow expression except for very low through-flow 
velocities. 

The effect of steady flow on the resistance of quarterwave resonators has not been 
measured. I t  appears reasonable to assume, however, that the effects are similar to those 
found with Helmholtz resonators. 

Acoustic reactance. - The reactance of a Helmholtz resonator aperture that is short 
compared with a wavelength may be written as 

where Re is the effective aperture length. The effective aperture length is obtained by adding 
a mass end correction 6 to the physical length 2, i.e., Re = Q + 6. 

The mass end correction 6 is composed of contributions from each area change, i.e., from 
each end of an aperture (fig. A-1): 

6 = 6, + 6, (A-13) 

The contributions from each end may be different but usually are assumed to be equal. In 
addition, the parameter 6 depends on both oscillatory velocity amplitude and steady-flow 
velocity. Table A-I presents some recommended equations for 6 for the conditions cited. 
These equations are based on the assumption that 6, = 6,. When this assumption is not 
valid, the same equations can be used to determine 6, and 6, by halving the coefficient of 
DA or AX and assigning an appropriate value to a for each end of the aperture; 6 then is 
the sum of BA and 6, thus determined. For low area ratios (a < 0.16), the equation 

6 = 0.96A: (0.5 - 0 . 7 4  (A-14) 

appears to be most suitable for all conditions. 
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Table A-I. - Rrconimendcd Eqt'ntions for Mass End Correction b 

6 

0.85 D,q ( 1  -- 0.7 fi) 

KO ri s i r  cii 13 r a pc r 1 ti  res , in nd c 1.4 t c 
ariipli I udc 

Rcfcrcncc 

93 

47.05, and 97 

101 

53 

This work 

A.3 RESONATOR ACOUSTIC IMPEDANCE 

Whcn equation (A-4) is rcwritttn in terrnz of tlic rcsic;t;incr arid rcactnncc components, thc 
inipcdnncc of a simplc resonator is exprcswd a r  

Z=(R, .  + i X , . ) + ( R ,  + i X , )  (A- 1 5 )  

The prcccdirig discurcion ti:]< shown tha t  thc acouztir rcsizt;incc of tlic rcsonntor is simply 
the rcsistancc of thr apcrturc R, , so t1i:it cqiintion (A-14) bcconiw 

(A-16) 

The rcactance of a Hchlhoh7 resonator tliiis can tit writtc'ri ar thc siini of thc aperture and 
cavity reactances. 

x = );, + Xc. ( A - I  7j 



Equation (A-17) rewritten in terms of equation (A-12) and equation (A-5) yields 

or 

where 

with cA the sonic velocity in the aperture. 

By comparison, the reactance of a quarterwave resonator, for a partitioned cavity, is 

where Lc is the depth of the slot or cavity. 

(A- 1 8) 

(A-1 9) 

(A-20) 

(A-2 1 )  

The reactance of an intermediate resonator can be calculated from the solution for the wave 
equation for the inside of the cavity (ref. 7). The expression for this reactance reduces to 
the Helmholtz expression (eq. (A-18)) when Lc and Q, are small compared -. to a wave length; 

it also reduces to the quarterwave expression (eq. (A-21)) when( 
= (y); 

Expressions for the reactance of more nearly general resonator configurations may be found 
in reference 46. 
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Symbol 

A 

A (with subscript) 

a 

Cf 

CP 

C 

D 

k 

L 

L 
- 
LMA,LMAE 

2 

Qe 

MP 

m 

APPENDIX 6 

GLOSSARY 

Definition 

absorption coefficient 

cross-sectional area 

aperture arealresonator area 

empirical flow coefficient for steady flow 

specific heat at constant pressure 

velocity of sound 

diameter 

frequency 

average baffle height 

imaginary unit, i = 0 
thermal conductivity 

length or depth 

mean length 

lunar module ascent engine 

physical length of aperture 

effective aperture length, = t 6 

Mach number of the steady flow past the orifice 

angular index of the mode excited in the main chamber 
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r 

I 

11 

A 
U 

';j 
U 

v 

H' 

Dc fi ii i I inn 
". - 

prczrurc 

prcwirc pc:il: anipliiudc 



Definition Symbol 

We 

X 

XRL 

Y 

Z 

0, ,* 

r 

7 

6 

E 

Ei 

x 

P 

compartment dimension in tangential direction 

acoustic reactance 

extended range Lance 

acoustic admittance 

acoustic impedance 

acoustic impedance of ith kind of absorber element 

temporal damping coefficient 

transverse (tangential and radial) eigenvalues (m = integer indicating 
tangential mode; n = integer indicating radial mode) 

correlation coefficient for slot resistance 

ratio of specific heat of gas at constant pressure to that at constant 
volume 

(1) decay rate 
(2) mass end correction added to physical length R of aperture 

(table A-I) 

fraction of surface with impedance Z 

fraction of surface with impedance Zi (fraction of surface occupied by 
the ith absorber element) 

specific acoustic impedance 

specific acoustic resistance of a liner surface 

k 
thermal diffusivity, K = - 

PCP 
wavelength 

density, usually gas density 
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- 
P 

0 

X 

A 

av 

B 

C 

cc 

ch 

m 

max 

m'n 

N 

n 

opt 

9 

Material 

50:50, so-so 

C t i r  omel - a h  me1 
thcrmocouplc 

time-avcragrd gaq dcnqity 

oprn a w n  o f  ahwrbcr  e s p r c m d  as a fraction or pcrccntagc o f  injector 
f a c t  arc3 

specific acoustic rcactancc of a lincr surfacc 

anprlar frequency of  osrillntinn 

Suhscripts 

apcrturc 

avcrage 

baffle 

cavity 

cylindrical cans 

cha mh c r 

l n t c ~ c r  indicating tangential modc niinihcr 

niasiniti m 

minimum 

modc o f  oscillation (ni ,  n, or q as in eq.  (1)) 

intcgcr indicatirip radinl modc numhcr 

optimum 

intcgcr indicating longitudinal niodc numhcr 

Identification 

Sot50 blend b y  wig l i t  of hydraiinr and UDh!H, propellant grade p e r  
hIII.-P-2740:! 

thcrmocouplc whnsr elcmcnts arc nickel-basc alloys. The positivc 
elcmrnt i s  chromrl;  the n e p t i w  elrrncnt is altimcl. 
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Material Identification 

CTF 

FLOX 

hydrazine 

IRFNA 

JJ42 

LO, ,LOX 

LPG 

MHF-7 

MMH 

N2 O4 

nylon 

OFHC copper 

Refrasil 

Rigimesh 

RP- 1 

Teflon 

UDMH 

chlorine trifluoride 

mixture of liquid fluorine and liquid oxygen 

N,H,, propellant grade per MIL-P-26536 

inhibited red fuming nitric acid, propellant grade per MIL-N-7254 Type 
111 A 

liquid hydrogen (H2), propellant grade per MIL-P-27201 

liquid oxygen (02), propellant grade per MIL-P-25508 

liquified petroleum gases: 55% CH, ,45% C2H6 

mixed hydrazine fuel 

monomethylhydrazine, propellant grade per MIL-P-27404 

nitrogen tetroxide (oxidizer), propellant grade per MILP-26539 

a thermoplastic polyamide 

oxygen-free high-conductivity copper 

trademark of HITCO (Los Angeles, CA) for fibrous silica of high purity 
SiOz ; useful as extreme high temperature insulation; resistant to 
high-frequency vibrations 

trademark of Aircraft Porous Media, Inc. (Glen Cove, NY) for porous 
plate formed by compressed, sintered stacks of wire screen 

kerosene-base high-energy hydrocarbon fuel per MIL-P-25576 

trademark of E. I. duPont Co. for tetrafluoroethylene fluorocarbon resins 

unsymmetrical dimethylhydrazine, propellant grade per MIL-D-25604 
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N A S A  SPACE VEHICLE DESIGN CRITERIA 
M O N O G R A P H S  ISSUED T O  DATE 

ENVIRONMENT 

SP-8005 

SP-80 10 

SP-8011 

SP-8013 

SP-8017 

SP-8020 

SP-802 1 

SP-8023 

SP-8037 

SP-8038 

SP-8049 

SP-8067 

SP-8069 

SP-8084 

SP-8085 

SP-809 1 

SP-8092 

SP-8 103 

Solar Electromagnetic Radiation, Revised May 197 1 

Models of Mars Atmosphere (1967), May 1968 

Models of Venus Atmosphere (1972), Revised September 1972 

Meteoroid Environment Model-1969 (Near Earth to Lunar Surface), 
March 1969 

Magnetic Fields-Earth and Extraterrestrial, March 1969 

Mars Surface Models (1968), May 1969 

Models of Earth’s Atmosphere (90 to 2500 km), Revised March 1973 

Lunar Surface Models, May 1969 

Assessment and Control of Spacecraft Magnetic Fields, September 1970 

Meteoroid Environment Model-1970 (Interplanetary and Planetary), 
October 1970 

The Earth’s Ionosphere, March 1971 

Earth Albedo and Emitted Radiation, July 1971 

The Planet Jupiter (1970), December 1971 

Surface Atmospheric Extremes (Launch and Transportation Areas), 
Revised June 1974. 

The Planet Mercury (1971),March 1972 

The Planet Saturn (1970), June 1972 

Assessment and Control of Spacecraft Electromagnetic Interference, 
June 1972 

The Planets Uranus, Neptune, and Pluto (1971), November 1972 
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SP-s 105 



SP-8045 

SP-8046 

SP-8050 

SP-8 05 3 

SP-8054 

SP-805 5 

SP-8056 

SP-8057 

SP-8060 

SP-8061 

SP-8062 

SP-8063 

SP-8066 

SP-8068 

SP-8072 

SP-8077 

SP-8079 

SP-8082 

SP-8083 

SP-8095 

SP-8099 

SP-8 104 

Acceptance Testing, April 1970 

Landing Impact Attenuation for NonSurface-Planing Landers, April 
1970 

Structural Vibration Prediction, June 1970 

Nuclear and  Space Radiation Effects on Materials, June 1970 

Space Radiation Protection, June 1970 

Prevention of Coupled Structure-Propulsion Instability (Pogo), October 
1970 

Flight Separation Mechanisms, October 1970 

Structural Design Criteria Applicable to a Space Shuttle, Revised March 
1972 

Compartment Venting, November 1970 

Interaction with Umbilicals and Launch Stand, August 1970 

Entry Gasdynamic Heating, January 1971 

Lubrication, Friction, and Wear, June 1971 

Deployable Aerodynamic Deceleration Systems, June 1971 

Buckling Strength of Structural Plates, June 1971 

Acoustic Loads Generated by the Propulsion System, June 1971 

Transportation and Handling Loads, September 1971 

Structural Interaction with Control Systems, November 1971 

Stress-Corrosion Cracking in Metals, August 197 1 

Discontinuity Stresses in Metallic Pressure Vessels, November 1971 

Preliminary Criteria for the Fracture Control of Space Shuttle 
Structures, June 1971 

Combining Ascent Loads, May 1972 

Structural Interaction With Transportation and Handling Systems, 
January 1973 
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SP-8098 

SP-8 102 

CHEMICAL PROPULSION 

SP-8087 

SP-8 107 

SP-8 109 

SP-8 05 2 

SP-8 1 10 

SP-808 1 

SP-8048 

SP-8 101 

SP-8 100 

SP-8088 

SP-8094 

SP-8097 

SP-8090 

SP-8080 

SP-8064 

SP-8075 

SP-8076 

SP-8073 

SP-8039 

Effects of Structural Flexibility on Entry Vehicle Control Systems, 
June 1972 

Space Vehcle Accelerometer Applications, December 1972 

Liquid Rocket Engine Fluid-Cooled Combustion Chambers, April 1972 

Turbopump Systems for Liquid Rocket Engines, August 1974 

Liquid Rocket Engine Centrifugal Flow Turbopumps, December 1973 

Liquid Rocket Engine Turbopump Inducers, May 197 1 

Liquid Rocket Engine Turbines, January 1974 

Liquid Propellant Gas Generators, March 1972 

Liquid Rocket Engine Turbopump Bearings, March 1971 

Liquid Rocket Engine Turbopump Shafts and Couplings, September 
1972 

Liquid Rocket Engine Turbopump Gears, March 1974 

Liquid Rocket Metal Tanks and Tank Components, May 1974 

Liquid Rocket Valve Components, August 1973 

Liquid Rocket Valve Assemblies, November 1973 

Liquid Rocket Actuators and Operators, May 1973 

Liquid Rocket Pressure Regulators, Relief Valves, Check Valves, Burst 
Disks, and Explosive Valves, March 1973 

Solid Propellant Selection and Characterization, June 1971 
\ i  

Solid Propellant Processing Factors in Rocket Motor Design, October 
1971 

Solid Propellant Grain Design and Internal Ballistics, March 1972 

Solid Propellant Grain Structural Integrity Analysis, June 1973 

Solid Rocket Motor Performance Analysis and Prediction, May 1971 
_-/ 
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SP8OS I 

SP-807S 

SPSOJ 1 

Solid Rocket  Motor Igniters, March 1971 

Solid Rockct  Motor Metal Cases, April 1970 

Captive-Fircd Testing of Solid Rocket Motors, March 1971 
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